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NON-PARAMETRIC STOCHASTIC APPROXIMATION
WITH LARGE STEP SIZES

By AyMERIC DIEULEVEUT, FRANCIS BACH

Département d’Informatique de I’Ecole Normale Supérieure, Paris, France

Abstract We consider the random-design least-squares regres-
sion problem within the reproducing kernel Hilbert space (RKHS)
framework. Given a stream of independent and identically distributed
input/output data, we aim to learn a regression function within an
RKHS H, even if the optimal predictor (i.e., the conditional expecta-
tion) is not in H. In a stochastic approximation framework where the
estimator is updated after each observation, we show that the aver-
aged unregularized least-mean-square algorithm (a form of stochastic
gradient), given a sufficient large step-size, attains optimal rates of
convergence for a variety of regimes for the smoothnesses of the op-
timal prediction function and the functions in H.

1. Introduction. Positive-definite-kernel-based methods such as the
support vector machine or kernel ridge regression are now widely used in
many areas of science of engineering. They were first developed within the
statistics community for non-parametric regression using splines, Sobolev
spaces, and more generally reproducing kernel Hilbert spaces (see, e.g., [1]).
Within the machine learning community, they were extended in several inter-
esting ways (see, e.g., [2, 3]): (a) other problems were tackled using positive-
definite kernels beyond regression problems, through the “kernelization” of
classical unsupervised learning methods such as principal component anal-
ysis or K-means, (b) efficient algorithms based on convex optimization have
emerged, and (c) kernels for non-vectorial data have been designed for ob-
jects like strings, graphs, measures, etc. A key feature is that they allow the
separation of the representation problem (designing good kernels for non-
vectorial data) and the algorithmic/theoretical problems (given a kernel,
how to design, run efficiently and analyse estimation algorithms).

The theoretical analysis of non-parametric least-squares regression within
the RKHS framework is well understood. In particular, for regression on in-
put data in R%, d > 1, and so-called Mercer kernels (continuous kernels
over a compact set) that lead to dense subspaces of the space of square-
integrable functions, the optimal rates of estimation given the smoothness
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of the optimal prediction function are attained for a sufficiently small Hilbert
space of functions [4, 5, 6]. However, the kernel framework goes beyond Mer-
cer kernels and non-parametric regression; indeed, kernels on non-vectorial
data provide examples where the usual topological assumptions may not
be natural, such as sequences, graphs and measures. Moreover, even finite-
dimensional Hilbert spaces may need a more refined analysis when the di-
mension of the Hilbert space is much larger than the number of observations:
for example, in modern text and web applications, linear predictions are per-
formed with a large number of covariates which are equal to zero with high
probability. The sparsity of the representation allows to reduce significantly
the complexity of traditional optimization procedures; however, the finite-
dimensional analysis which ignores the spectral structure of the data is not
applicable, while the analysis we carry out is. In this paper, we consider
minimal assumptions regarding the input space and the distributions, so
that our non-asymptotic results may be applied to all the cases mentioned
above.

In practice, estimation algorithms based on regularized empirical risk min-
imization face two challenges: (a) using the correct regularization parameter
and (b) finding an approximate solution of the convex optimization prob-
lems. In this paper, we consider these two problems jointly by following a
stochastic approximation framework formulated directly in the RKHS, in
which each observation is used only once and overfitting is avoided by mak-
ing only a single pass through the data (a form of early stopping). While
this framework has been considered before [7, 8, 9], the algorithms that are
considered either (a) require two sequences of hyperparameters (the step-
size in stochastic gradient descent and a regularization parameter) or (b)
do not always attain the optimal rates of convergence for estimating the
regression function. In this paper, we aim to remove simultaneously these
two limitations.

Traditional online stochastic approximation algorithms, as introduced by
Robbins and Monro [10], lead in finite-dimensional learning problems to
stochastic gradient descent methods with steps decreasing with the number
of observations n, which are typically proportional to n~¢, with ¢ between
1/2 and 1. Short step-sizes (¢ = 1) are adapted to well-conditioned problems
(low dimension, low correlations between covariates), while longer step-sizes
(¢ = 1/2) are adapted to ill-conditioned problems (high dimension, high
correlations) but with a worse convergence rate—see, e.g., [11, 12] and refer-
ences therein). More recently [13] showed that constant steps with averaging
could lead to the best possible convergence rate in Euclidean spaces (i.e., in
finite dimensions). In this paper, we show that using longer step-sizes with
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averaging also brings benefits to Hilbert space settings.

With our analysis, based on positive definite kernels, under assumptions
on both the objective function and the covariance operator of the RKHS, we
derive improved rates of convergence [5], in both the finite horizon setting
where the number of observations is known in advance and our bounds hold
for the last iterate (with exact constants), and the online setting where our
bounds hold for each iterate (asymptotic results only). It leads to an explicit
choice of the learning rates which may be used in stochastic gradient descent,
depending on the number of training examples we want to use and on the
assumptions we make.

In this paper, we make the following contributions:

— We outline in Section 2 a general though simple algebraic framework
for least-squares regression in RKHS, which encompasses all commonly
encountered situations, and avoids many of the assumptions that are
often made. This allows to cover many practical examples.

— We characterize in Section 3 the convergence rate of averaged least-
mean-squares (LMS) and show how the proper set-up of the step-
size leads to optimal convergence rates of prediction (as they were
proved in [5]), extending results from finite-dimensional [13] to infinite-
dimensional settings. The problem we solve here was stated as an open
problem in [8, 7].

— We compare our new results with existing work, both in terms of rates
of convergence in Section 4, and with simulations on synthetic spline
smoothing in Section 5.

2. Learning with positive-definite kernels. In this paper, we con-
sider a general random design regression problem, where observations (z;, y;)
are independent and identically distributed (i.i.d.) random variables in X x Y
drawn from a probability measure p on X x ). The set X may be any set
equipped with a measure, while for simplicity, we only consider )V = R and
we measure the risk of a function g : X — R, by the mean square error, that
is, <(g) = 3E, [(9(X) — Y)2].

The function g that minimizes €(g) is known to be conditional expecta-
tion, that is, g,(X) = E[Y|X]. In this paper we consider formulations where
our estimates lie in a reproducing kernel Hilbert space (RKHS) H with pos-
itive definite kernel K : X x X — R. In this section, we build a general
framework which makes “minimal” assumptions regarding the set X (only
assumed to be equipped with a measure), the kernel K (only assumed to
have bounded expectation E,/K (X, X)) and the output Y (only assumed to
have finite variance).
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These assumptions include classical examples such as Mercer kernels,
finite-dimensional feature spaces, but also apply to kernels on discrete ob-
jects (with non-finite cardinality). See examples in Section 2.5.

2.1. Reproducing kernel Hilbert spaces. Throughout this paper, we make
the following assumption:

(A1) H is a separable! RKHS associated with kernel K on the set X

RKHSs are well-studied Hilbert spaces which are particularly adapted to
regression problems (see, e.g., [14]). They satisfy the following properties:

1. (H,(-,-)%) is a separable Hilbert space of functions: H C R¥.
2. H contains all functions K : t — K(z,t), for all z in X.
3. For any x € X and f € H, the reproducing property holds:

f(@) = (f, Ke)n.

The Hilbert space H is totally characterized by the positive definite ker-
nel K : X x X — R, which simply needs to be a symmetric function on
X x X such that for any finite family of points (z;);er in X, the |I| x |I]-
matrix of kernel evaluations is positive semi-definite. We provide examples
in Section 2.5.

Note that we do not make any topological assumptions regarding the
set X. We will only assume that it is equipped with a probability measure.

2.2. Random variables. In this paper, we consider a set X and ) C R
and a distribution p on X x ). We denote px the marginal law on the space
X and py|x—, the conditional probability measure on Y given x € X. We
shall use the notations E [f(X)] or E,, [f(-)] for [ f(z)dpx(z). Beyond the
moment conditions stated below, we will always make the assumptions that
the space of square-integrable function EI%X defined below is separable?.

Throughout the paper, we make the following simple assumption regard-
ing finitess of moments:

(A2) E[K(X,X)] and E[Y?] are finite.

In previous work, (A1) was typically replaced by the assumption that K
is a Mercer kernel (X compact set and px with full support, K continuous)|9,

The separability assumption is necessary to be able to expand any element as an
infinite sum, using a countable orthonormal family. This assumption is satisfied in almost
all cases, for instance it is simple as soon as X admits a topology for which it is separable
and functions in A are continuous, see [14] for more details.

?Like for RKHSs, this is the case in most interesting situations. See [15] for more details.
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16, 4, 8], (A2) was replaced by the stronger assumptions sup,cy K(z,z) <
oo [9, 8, 7] and |Y| bounded [9, 7]. Note that in functional analysis, the
weaker hypothesis [ v k(z,2')?dpx (x)dpx (z') < oo is often used [17], but
it is not adapted to the machine learning setting.

Our assumptions are sufficient to analyse the minimization of e(f) =
%[E [(f(X) — Y)ﬂ with respect to f € H. In many applications, the min-
imum is not attained. We now present the usual functional analysis tools
necessary to study this minimization problem and we show that the assump-
tions above are sufficient to carry it through. In this section, we assume
given a distribution p on the data and we consider exact expectations; we
will consider estimation using empirical averages in Section 3.

We first need to introduce the space of square px-integrable functions E% o
and its quotient L2 that makes it a separable Hilbert space (see, e.g., [18]).
That is,

gzxz{f :X—>[R//Xf2(t)dpx(t)<oo};

2 . . 2 . . .
lr:)noreovelr L5 is the quotient of £7 ~under the equivalence relation given
y

f=ge [ (16 = gt)dpx(t) = 0.

We denote by || - Hﬁ%x the (semi-)norm:

1712, = [ 1£(@)Fdpx (o).

The space L%X is then a Hilbert space with norm || - ”L/%x’ which we will

always assume separable (that is, with a countable orthormal system).
Moreover, we denote p the canonical projection from E%X into Lgx such

that p : f — f, with f = {g € EIQJX, st. f=g}. In tNhe following, we will
denote by f either the function f € E?)X or its class f € L[%X when it does
not induce any confusion: most of our assumptions, properties and proofs do
not depend on the chosen representant function in the class. When X is a
compact subset of R?, and py is a Borel-measure with full support, the dif-
ference between E%X and sz is traditionally neglected. When the measure
does not have full support, as shown later in this section, the distinction is
more important.

Assumption (A2) ensures that every function in H is square-integrable,
that is, if E[K(X,X)] < oo, then H C E/%X; for example, for f = K,,
z € X, ||KZ||%/%X =[E[K(X,2)?] < K(z,2)EK(X, X) (see more details in the

Appendix A, Proposition 10).
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The minimization problem will appear to be an approximation problem
in £z +» for which we will build estimates in H. However, to derive theoretical
results, it is easier to consider it as an approximation problem in the Hilbert
space L2, building estimates in p(#), where p(H) is the image of H via the

X’
mapping iop : H — [%X 2, L%X, where i is the trivial injection and p the
canonical projection.

Under a few additional often-made assumptions (X compact, px full sup-
port and K continuous), the spaces H and p(H) may be identified, as the
application ¢ o p will also be injective: in all the following propositions one
may replace p(H) by H to simplify understanding. However in the general
setting there may exist functions f € H\ {0} such that ||f|\£gx = 0 (thus iop
non injective). This may for example occur if the support of px is strictly
included in X, and f is zero on this support, but not identically zero. See
the Appendix A.5 for more details.

2.3. Minimization problem. We are interested in minimizing the follow-
ing quantity, which is the prediction error of a function f, defined for any
function in E%X:

2.) () = 3E [0 - v)?).

Since for f € Ef,x, e(f) only depends on the class f € L%X, this also defines
a functional € on L%X.

We are looking for a function with a low prediction error in the particular
function space H, that is we aim to minimize e(f) over f € H. We have for
fe L%X:

22 en) = g — (5 [wdovix-t)) |+ 5EV

1 1
= SIS —(LENIX = Dy + SER)

A minimizer g of (g) over L2 is known to be such that g(X) = E[Y]X].
Such a function is generally referred to as the regression function, and de-
noted g, as it only depends on p. It is moreover unique (as an element of
L?,X). An important property of the prediction error is that:

1
(2.3) Vi€ Ly, elf)—elg) = 5lf —gllis -

It means that minimizing prediction error is equivalent to minimizing the
distance in L%X to the regression function. In this paper, we will not consider
convergence in the norm || - |3, because in general g, does not belong to .
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We are thus interested in approximating a function in E%X by functions
in H C E?,X. As a consequence, we need to consider closures with respect
to || - ”Lf, . We traditionally denote the closure of any F' C L%X in Lgx as

X

limits in L%X of elements in F', that is:

F={fer, /3(fa) C Flfa—fllz, —0}.

Especially, for p(H) C sz :

P = {13, /307 o). I~ Flug, 0}

The space p(#H) is a closed and convex subset in L%X. We can thus define

1 o1
g =arg min__E [(f(X) = V)?| =arg min__|If - glI3
rep(H) 2 rep(H) 2 ox

as the orthogonal projection of g, on p(#), using the existence of the projec-
tion on any closed convex set in a Hilbert space. This leads to the following
proposition (see formal proof in the Appendix A.1, Proposition 11):

PROPOSITION 1 (Definition of best approximation function). Assume
(A1-2). The minimum of (f) in p(H) is attained at a certain gy (which
1s unique and well defined in L%X).

It is important to notice that we do not assume that gz is in p(H), that
is the minimum in H is in general not attained. In the following, we will also
consider a pointwise defined version of g3 (by choosing any representant of
the equivalence class), still denoted gy € E%,X.

Estimation from n i.i.d. observations builds a sequence (gp)nen in H. We
will prove under suitable conditions that it satisfies weak consistency, that
is g, ends up predicting as well as gy:

n—o0

Ele(gn) —elgn)] =20 < |lgn — grllez, ——0.

We can make the following remarks:

— We have proved existence and uniqueness of a minimizer over p(H) C
L%X. However approaching gy in L%X with some sequence built in
p(H) is strictly equivalent to approaching any function in LZX which
is in the equivalence class gy. This is why we may accept confusion
as it does not change anything in proofs or algorithms. However, for
other tasks than for prediction from the random variable X, the space
H and p(H) are not equivalent.
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— Seen as a function of f € H, our loss function ¢ is not coercive (i.e.,
not strongly convex), as our covariance operator® ¥ has no minimal
eigenvalue (the sequence of eigenvalues decreases to zero). As a con-
sequence, even if gy € H, g, may not converge to gy in H, and when
gn ¢ H, we shall even have || gp||ln — oc.

2.4. Cowvariance operator. We now define the covariance operator for the
space H and probability distribution px. The spectral properties of such an
operator have appeared to be a key point to characterize speed of estima-
tors [16, 4, 5].

We define a linear operator ¥ : H — H through

V(f.9) €M (fSghu = EF(X)g(X)) = [ f@)a(@)dpx(a).

This operator is the covariance operator (defined on the Hilbert space H).
Using the reproducing property, we have®:

Y=E[Kx® Kx],

where for any elements g, h € H, we denote by g ® h the operator from H
to H defined as:

gRh - H — H

In finite dimension, i.e., # = R?, for g, h € R?, g ® h may be identified to
a rank-one matrix, that is, g @ h = gh'| = <9ihj)1<i,j<d) € R¥*4 a5 for any
f, (gh")f = g(hT f) = (h, f)»g. In other words, g ® h is a linear operator,
whose image is included in Vect(g), the linear space spanned by g¢. Thus in
finite dimension, ¥ is the (non-centered) covariance matrix.

We have defined the covariance operator on the Hilbert space H. If f € H,
we have for all z € X, using the reproducing property:

E[f(X)K(X, 2)] = E[f (X) K= (X)] = (K., Xf)n = (Xf)(2),

which shows that the operator ¥ may be extended to any square-integrable
function f € L’%X. In the following, we extend such an operator as an en-
domorphism 7 from L%X to E%X and by projection as an endomorphism
T =poT from L2 to L7, . Note that T is well defined as [y g(t) K; dpx(t)
does not depend on the function g chosen in the class of equivalence of g.

3See definition below.

AThis expectation is formally defined as a Bochner expectation (an extension of
Lebesgue integration theory to Banach spaces, see [19]) in £(H) the set of endomorphisms
of H.
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DEFINITION 1 (Extended covariance operator). Assume (A1-2). We
define the operator T as follows’:

.72 2
T : L,, — L,

i~ /X g(t) Ky dpae(t),

so that for any z € X, T(g)(z) = /Xg(:z‘) K(z,z) dpx(t) = E[g(X)K(X, 2)].

We give here some of the most important properties of 7 and T'=po T.
The operator T (which is an endomorphism of the separable Hilbert space
sz) may be reduced in some Hilbertian eigenbasis of L?)X. It allows us to
define the power of such an operator 7", which will allow us to quantify the
regularity of the function gy . See proof in Appendix A.2, Proposition 18.

ProPOSITION 2 (Eigen-decomposition of T'). Assume (A1-2). T is a
bounded self-adjoint semi-definite positive operator on L%X, which is trace-
class. There exists a Hilbertian eigenbasis (¢;)icr of the orthogonal supple-
ment S of the null space Ker(T'), with summable strictly positive eigenvalues
(i)ier- That is:

- Viel, Toi = pidi, (i)icr strictly positive such that Y ;o1 pi < 0.

1
— L?)x = Ker(T)® S, that is, L?)X is the orthogonal direct sum of Ker(T')
and S.

When the space S has finite dimension, then [ has finite cardinality, while
in general [ is countable. Moreover, the null space Ker(7T) may be either
reduced to {0}, finite-dimensional or infinite-dimensional.

The linear operator 7 happens to have an image included in H, and the
eigenbasis of T' in L%X may also be seen as eigenbasis of ¥ in H (See proof
in Appendix A.2, Proposition 17):

PROPOSITION 3 (Decomposition of ). Assume (A1-2). The image of
T is included in H: Im(T) C H, that is, for any f € LZX, Tf € H. More-
over, for any i € I, ¢ = }%T(bz € HC [%X is a representant for the
equivalence class ¢;, that is p(¢1) = ¢;. Moreover u3/2¢){[ is an orthonor-
mal eigen-system of the orthogonal supplement . of the null space Ker(%).
That is:

~Viel, o = ol

This expectation is formally defined as a Bochner expectation in .
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u
- H=Ker(X)®.7.

We have two decompositions of L2 == Ker(T) é S and ‘H = Ker(X) GLB .
The two orthogonal supplements S and . happen to be related through
the mapping 7/2, which we now define.

More generally, we define all powers 7" (as operator from L%X to H)
and powers T" (as operator from L/QJX to Lf)x). Note the different conditions
regarding 7.

DEFINITION 2 (Powers of T').  We define, for anyr >0, T" : L%X — L%X,
for any h € Ker(T) and (a;)ier such that 3 ,c;a? < oo, through:

i (h + Z ai¢i> = Z a;jL; ;.

1€l i€l

Moreover, for any r > 0, T" may be defined as a bijection from S into
Im(T"). We may thus define its unique inverse:

7" Im(T") — S.

DEFINITION 3 (Powers of 7). We define, for any r > 1/2, T" : L%X —
H, for any h € Ker(T) and (a;)ies such that 3 ;c;a? < oo, through:

T (h +> ai¢i> =Y aiuiof.

1€l i€l

For r > 1/2, we clearly have that 7" = po T". In order to define 7", we
need r > 1/2, because (ull / 2¢H ) is an orthonormal system of .. Moreover,
from the definition of 71/2, it clearly defines an isometry from S to .7.
The next proposition shows that p(#) = p(H) and thus S and p(H) are
isomorphic. (See proof in Appendix A.2, Proposition 18):

PROPOSITION 4 (Isometry between supplements). 72 :8 — .7 is an
isometry. Moreover, Im(TV/?) = p(H) and TY? : S — p(H) is an isomor-
phism.

This proposition may be understood as an extension of the following,
which is a consequence of Mercer’s theorem when we consider a compact set
X and a continuous kernel on it ([4, 20]). The proposition above makes no
topological assumptions about X, the kernel K, and also applies to cases
where p(H) may be much smaller than .
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PROPOSITION 5 (Isometry for Mercer kernels). If H is a reproducing
kernel Hilbert space associated with a Mercer kernel K (K continuous on
the compact set X ), and supp(p) = X, then H = T'/? (L%X> and TV/? -

S — p(H) is an isometrical isomorphism.

In the general context, Proposition 4 has the following consequences:

— TY2%(S) = p(H), that is any element of p(H) may be expressed as
T2 for some g € L/QJX.

~V¥r >1/2, T7(S) C p(H), because for r > 1/2, T"(S) € TY?(S), that
is, with large powers r, the image of T is in the projection of the
Hilbert space.

- Vr >0, TT(L%X) =85 = T1/2(L%X) = p(H), because (a) TI/Q(LE,X) =

p(H) and (b) for any r >0, T"(L2, ) = S. In other words, elements of

p(H) (on which our minimization problem attains its minimum), may
seen as limits (in L%X) of elements of T" (L/%X), for any r > 0.

In the following, the regularity of the function gy will be characterized by
the fact that gy; belongs to the space T (L%X) (and not only to its closure),
for a specific r > 0 (see Section 2.6). The sequence of spaces {TT(L,%X)}T>0
is thus a decreasing (r increasing) sequence of subspaces of L,%X such that
any of them is dense in p(#H), and T"(L2, ) C p(H) if and only if r > 1/2.

Finally, although we will not use it in the rest of the paper, we can state
a version of Mercer’s theorem, which does not make any more assumptions
that are required for defining RKHSs.

PROPOSITION 6 (Kernel decomposition). Assume (A1-2). We have for
all z,y € X,
K(z,y) =Y i (2)67 (y) + 9(x,y),
el
and we have for allz € X, [y g(z,y)?dpx (y) = 0. Moreover, the convergence
of the series is absolute.

We thus obtain a version of Mercer’s theorem (see Appendix A.5.3) with-
out any topological assumptions. Moreover, note that (a) . is also an
RKHS, with kernel (z,y) — Y e ¢t ()¢ (y) and (b) that given the
decomposition above, the optimization problem in . and H have equiva-
lent solutions. Moreover, considering the algorithm below, the estimators we
consider will almost surely build equivalent functions (see Appendix A.4).
Thus, we could assume without loss of generality that the kernel K is exactly

equal to its expansion Y, i () (y).
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2.5. Examples. The property p(H) = S, stated after Proposition 5, is
important to understand what the space p(H) is, as we are minimizing over
this closed and convex set. As a consequence the space p(#) is dense in L%X
if and only if T is injective (or equivalently, Ker(Lf,X) ={0} & S = L/%X).
We detail below a few classical situations in which different configurations

@s : 9 2 .
for the “inclusion” p(H) C p(H) C L appear:

1. Finite-dimensional setting with linear kernel: in finite dimen-
sion, with X = R? and K(z,y) = 2"y, we have # = R?, with the
scalar product in (u,v)g = ch'l:1 u;v;. If the support of px has non-
empty interior, then p(H) = p(H): gy is the best linear estimator.
Moreover, we have p(H) = p(H) & L2 in general. Moreover, Ker(T)
is the set of functions such that EX f(X) = 0 (which is a large space),
while Ker(X) = (span {supp(px)})", where the orthogonal space is
considered in R%. If py has a support for non-empty interior, it is
reduced to {0}.

2. Translation invariant kernels for instance the Gaussian kernel over
X = R? with X following a distribution with full support in R%: in
such a situation we have p(H) G p(H) = L2 . This last equality holds
more generally for all universal kernels, which include all kernels of
the form K (z,y) = q(x — y) where g has a summable strictly positive
Fourier transform [21, 22]. These kernels are exactly the kernels such
that T is an injective endomorphism of Lg - In all these cases, the null
spaces of T and ¥ are equal to {0}.

3. Splines over the circle: When X ~ U[0;1] and H is the set of m-
times periodic weakly differentiable functions (see Section 5), we have
in general p(H) ¢ p(H) & L? . In such a case, ker(T) = span(z — 1),
and p(H) @ span(z — 1) = L%X, that is we can approximate any
zero-mean function.

Many examples and more details may be found in [3, 23, 20]. In particular,
kernels on non-vectorial objects may be defined (e.g., sequences, graphs or
measures).

2.6. Convergence rates. In order to be able to establish rates of conver-
gence in this infinite-dimensional setting, we have to make assumptions on
the objective function and on the covariance operator eigenvalues. In order
to account all cases (finite and infinite dimensions), we now consider eigen-
values ordered in non-increasing order, that is, we assume that the set I
is either {0,...,d — 1} if the underlying space is d-dimensional or N if the
underlying space has infinite dimension.
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(A3) We denote (u)ier the sequence of non-zero eigenvalues of the opera-
tor T', in decreasing order. We assume p; < ;’%z for some o > 1 (so that
tr(7) < 00), with s € R;.

(A4) gy T (E%X) with 7 > 0, and as a consequence ||T_r(gy)||L%X < 0.

We chose such assumptions in order to make the comparison with the
existing literature as easy as possible, for example [8, 5|. However, some
other assumptions may be found as in [24, 6].

Dependence on o and r. The two parameters r and « intuitively parame-
terize the strength of our assumptions:

— In assumption (A3) a bigger a makes the assumption stronger: it
means the reproducing kernel Hilbert space is smaller, that is if (A3)
holds with some constant «, then it also holds for any o < a. More-

over, if T is reduced in the Hilbertian basis (¢;); of L%X, we have an

effective search space . = {3.%°, a;0 />, Z—% < 00}: the smaller
the eigenvalues, the smaller the space.

— In assumption (A4), for a fixed «, a bigger r makes the assump-
tion stronger, that is the function is actually smoother. Indeed, con-
sidering that (A4) may be rewritten gy € T7(L% ) and for any

ro< o, TU(L£2.) € T"(£2,). In other words, {T" (E%X)}

decreasing (r growing) subspaces of EZX.

>0 are

For r = 1/2, T'/? (£2.) = H; moreover, for r > 1/2, our best approxi-

mation function gy € p(H) is in fact in p(H), that is the optimization
problem in the RKHS H is attained by a function of finite norm.

Related assumptions. The assumptions (A3) and (A4) are adapted to our
theoretical results, but some stricter assumptions are often used, that make
comparison with existing work more direct. For comparison purposes, we
will also use:

(a3) For any i € I = N, u? < i%u; < s? for some o > 1 and u, s € Ry

(a4) We assume the coordinates (v;)ien of gy € L%X in the eigenbasis
(¢i)ien (for ||.||2) of T are such that ;i%/2 < W, for some § > 1 and
W € Ry (so that ||gulle < 00).

Assumption (a3) directly imposes that the eigenvalues of 1" decay at rate
i~® (which imposes that there are infinitely many), and thus implies (A3).
Together, assumptions (a3) and (a4), imply assumptions (A3) and (A4),
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with > 1 4 2ar. Indeed, we have

_ _ W2~ s
1T guliz, = 3 v < i,
1EN 1€N

which is finite for 2ar — 6 < —1. Thus, the supremum element of the set
of 7 such that (A4) holds is such that 6 = 1 + 2ar. Thus, when comparing
assumptions (A3-4) and (a3-4), we will often make the identification above,
that is, 0 = 1 + 2ar.

The main advantage of the new assumptions is their interpretation when
the basis (¢;)ier is common for several RKHSs (such as the Fourier basis
for splines, see in Section 5): (a4) describes the decrease of the coordinates
of the best function gy € sz independently of the chosen RKHS. Thus,
the parameter § characterizes the prediction function, while the parameter
« characterizes the RKHS.

3. Stochastic approximation in Hilbert spaces. In this section, we
consider estimating a prediction function g € H from observed data, and we
make the following assumption:

(A5) For n > 1, the random variables (x,,y,) € X X R are independent and
identically distributed with distribution p.

Our goal is to estimate a function g € H from data, such that e(g) = %[E(Y—

g(X))? is as small as possible. As shown in Section 2, this is equivalent to
minimizing ||g — g;{||%2 . The two main approaches to define an estimator is
PX

by regularization or by stochastic approximation (and combination thereof).
See also approaches by early-stopped gradient descent on the empirical risk
in [25].

3.1. Regularization and linear systems. Given n observations, regular-
ized empirical risk minimization corresponds to minimizing with respect to
g € H the following objective function:

1< 2 Ay 2
%;(% g(x;)) +§H9HH~

Although the problem is formulated in a potentially infinite-dimensional
Hilbert space, through the classical representer theorem [26, 3, 2], the unique
(if A > 0) optimal solution may be expressed as § = > ;- a;K,,, and
a € R™ may be obtained by solving the linear system (K + A )a = vy,
where K € R™™" is the kernel matrix, a.k.a. the Gram matrix, composed
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of pairwise kernel evaluations K;; = K(x;, %), i,5 = 1,...,n, and y is the
n-dimensional vector of all n responses y;, i =1,...,n.

The running-time complexity to obtain a € [R" is typically O(n?) if no
assumptions are made, but several algorithms may be used to lower the com-
plexity and obtain an approximate solution, such as conjugate gradient [27]
or column sampling (a.k.a. Nystrom method) [28, 29, 30].

In terms of convergence rates, assumptions (a3 4) allow to obtain con-
vergence rates that decompose £(§) — e(gwu) = 5[|§ — gHHLQ as the sum of

two asymptotic terms [5, 30, 24]:

~ Variance term: O(o?n ' A71/9), which is decreasing with \, where

characterizes the noise variance, for example, in the homoscedastic case
(i.i.d. additive noise), the marginal variance of the noise; see assump-
tion (A6) for the detailed assumption that we need in our stochastic
approximation context.

~ Bias term: O(W?2\™M{0-1D/@2}) "swhich is increasing with A. Note that
the corresponding r from assumptions (A3-4) is r = (6 — 1)/2«, and
the bias term becomes proportional to \™in{2r2}

There are then two regimes:

— Optimal predictions: If < 1, then the optimal value of A (that mini-
mizes the sum of two terms and makes them equivalent) is proportional
to n~®/(retl) — p=a/9 and the excess prediction error ||§ — gul2. =

PX

O(n=2er/Qer+1)y = O(n~=1*1/%) and the resulting procedure is then
“optimal” in terms of estimation of g in Lf)x (see Section 4 for de-
tails).

— Saturation: If » > 1, where the optimal value of A (that minimizes
the sum of two terms and makes them equivalent) is proportional to
n~®/(22F1) "and the excess prediction error is less than = O (n=2¢/(2a+1)),
which is suboptimal. Although assumption (A4) is valid for a larger
r, the rate is the same than if » = 1.

In this paper, we consider a stochastic approximation framework with
improved running-time complexity and similar theoretical behavior than
regularized empirical risk minimization.

3.2. Stochastic approximation. Using the reproducing property, we have
for any g € H, e(g) = 3E(Y — g(X))? = SE(Y — (g, Kx)%)? with gra-
dient (defined with respect to the dot-product in H) &'(g) = —E[(Y —
(9. Kx)n)Kx].

Thus, for each pair of observations (zy,yn), we have £'(g) = —E[(yn —
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(9, K)o, ], and ths, the quantity [ — (yn — (9, Ko, )3 Ke] = [ -
(yn — g(xn))) Kz, ] is an unbiased stochastic gradient. We thus consider the
stochastic gradient recursion, in the Hilbert space H, started from a function
go € H (taken to be zero in the following):

In = Gn—-1 — Tn [yn - <gn—17 Kzn>H]Kxn =9n-1—"Tn [yn - gn—l(xn)]Krn-

We may also apply the recursion using representants. Indeed, if gy = 0,
which we now assume, then for any n > 1,

n
gn = Z ainp
=1

with the following recursion on the sequence (a,)p>1:

n—1
an = —=Yn(gn-1(Zn) = Yn) = =M (Z ai K (zy, ;) — ?Jz) .
i=1

We also output the averaged iterate defined as

1 n 1 n 7
(3.1) gn:n+11§gk=n+12(2aj)l(m.

i=1 j=1

Running-time complexity. The running time complexity is O(7) for itera-
tion i—if we assume that kernel evaluations are O(1), and thus O(n?) after
n steps. Several authors have considered expanding g, on a subset of all
(Kz,), which allows to bring down the complexity of each iteration and ob-
tain an overall linear complexity is n [31, 32], but this comes at the expense
of not obtaining the sharp generalization errors that we obtain in this paper.
Note that when studying regularized least-squares problem (i.e., adding a
penalisation term), one has to update every coefficient (a;)1<i<n at step n.
More content on learning with kernels may be found in [33], and references
therein.

Relationship to previous works. Such type of algorithms have been studied
before [8, 34, 33, 7, 35], under various forms. Especially, in [34, 9, 33, 35]
a regularization term is added to the loss function (thus considering the
following problem: arg min ey e(f)+A|| f||%)- In [8, 7], neither regularization
nor averaging procedure are considered, but in the second case, multiple
pass through the data are considered. In [35], a non-regularized averaged
procedure equivalent to ours is considered. However, the step-sizes -, which
are proposed, as well as the corresponding analysis, are different. Our step-
sizes are larger and our analysis uses more directly the underlying linear
algebra to obtain better rates (while the proof of [35] is applicable to all
smooth losses).
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Learning rate. 'We are mainly interested in two different types of step sizes
(a.k.a. learning rates): the sequence (y;)1<i<n may be either:

1. a subsequence of a universal sequence (7;);en, we refer to this situation
as the “online setting”. Our bounds then hold for any of the iterates.

2. a sequence of the type v; = I'(n) for i < n, which will be referred to
as the “finite horizon setting”: in this situation the number of samples
is assumed to be known and fixed and we chose a constant step size
which may depend on this number. Our bound then hold only for the
last iterate.

In practice it is important to have an online procedure, to be able to deal
with huge amounts of data (potentially infinite). However, the analysis is
easier in the “finite horizon” setting. Some doubling trick allows to pass to
varying steps [36], but it is not satisfactory in practice as it creates jumps
at every n which is a power of two.

3.3. Extra regularity assumptions. We denote by = = (Y — gy (X)) Kx
the residual, a random element of H. We have E[Z] = 0 but in general we
do not have E[Z|X] = 0 (unless the model of homoscedastic regression is
well specified). We make the following extra assumption:

(A6) There exists R > 0 and o > 0 such that E[E®Z] < 023, and
E(K(X,X)Kx ® Kx) < R?Y where < denotes the order between
self-adjoint operators.

In other words, for any f € H, we have: E[(Y —gx (X))?f(X)?] < 02E[f(X)?]
and E[K (X, X)f(X)?] < RE[f(X)?].

In the well specified homoscedastic case, we have that (Y — gy (X)) is inde-
pendent of X and with 0% = E [(Y — gx(X))?], E[E]|X] = 02X is clear: the
constant o2 in the first part of our assumption characterizes the noise ampli-
tude. Moreover the second part assumption is clearly satisfied if K (X, X) is
almost surely bounded by R?: this constant can then be understood as the
radius of the set of our data points. However, our analysis holds in these more
general set-ups where only fourth order moment of | K, |y = K(z,z)"/? are
finite.

We first present the results in the finite horizon setting in Section 3.4
before turning to online setting in Section 3.5.

3.4. Main results (finite horizon). We can first get some guarantee on
the consistency of our estimator, for any small enough constant step-size:
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THEOREM 1. Assume (A1-6), then for any constant choice v, = vy <

L., the prediction error of g, converges to the one of gy, that is:

2R2”

n—oo

(3.2) 2L [¢ (gn) — e(gn)] = Ellgn — gullis  —— 0.

The expectation is considered with respect to the distribution of the sam-
ple (i, ¥i)1<i<n, as in all the following theorems (note that ||g, — gH||%% is
itself a different expectation with respect to the law px). *

Theorem 1 means that for the simplest choice of the learning rate as a
constant, our estimator tends to the perform as well as the best estimator
in the class H. Note that in general, the convergence in H is meaningless
if » < 1/2. The following results will state some assertions on the speed of
such a convergence; our main result, in terms of generality is the following:

THEOREM 2 (Complete bound, v constant, finite horizon). Assume (A1-
6) and v; = v =T(n), for 1 <i < n. We have, with C(a) = 20°

(a+1)(20—1) °
_ 2 1/2 0'/\/'71 2 1
([EHgn—gHHLgX) < 1_7\/@ (l—i-C(a)Sa('yn)a)

IL%" gnmllzz ( VR? )

St ' i e

For easier interpretation, we may derive a simple corollary:

N

COROLLARY 1 (7 constant, finite horizon). Assume A1-6. IfyR?* < 1/4,
we have the simpler bound:
(3.3)
: 1L ol
1 K 9HI L2
)1> C(Oz)(s2'yn)é +4 X

Elg — gulZe < 22 (14 i
9n — GH L?’X ST, (7032 72rn2min{r,1}'

We can make the following observations:

— Proof: Theorem 1 and Corollary 1 are directly derived from Theo-
rem 2, which is proved in Appendix B.3: we derive for our algorithm a
new error decomposition and bound the different sources of error via
algebraic calculations. More precisely, following the proof in Euclidean
space [13], we first analyze (in Appendix B.2) a closely related recur-
sion (we replace K,, ® K, by its expectation X, and we thus refer to
it as a semi-stochastic version of our algorithm):

n = gn—-1 — Yn(UnKz, — Xgn-1)-
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It (a) leads to an easy computation of the main bias/variance terms
of our result, (b) will be used to derive our main result by bounding
the drifts between our algorithm and its semi-stochastic version.

— Bias/variance interpretation: The two main terms have a simple
interpretation. The first one is a variance term, which shows the effect
of the noise o2 on the error. It is bigger when o gets bigger, and
moreover it also gets bigger when - is growing (bigger steps mean more
variance). As for the second term, it is a bias term, which accounts
for the distance of the initial choice (the null function in general) to
the objective function. As a consequence, it is smaller when we make
bigger steps.

— Assumption (A4): Our assumption (A4) for r > 1 is stronger than
(A4) for r = 1 but we do not improve the bound. Indeed the bias
term (see comments below) cannot decrease faster than O(n~2): this
phenomenon in known as saturation [37]. To improve our results with
r > 1 it may be interesting to consider another type of averaging.
In the following, » < 1 shall be considered as the main and most
interesting case.

— Relationship to regularized empirical risk minimization: Our
bound ends up being very similar to bounds for regularized empirical
risk minimization, with the identification A = %n It is thus no surprise
that once we optimize for the value of 7, we recover the same rates
of convergence. Note that in order to obtain convergence, we require
that ~+ is bounded, which corresponds to an equivalent A which has to
be lower-bounded by 1/n.

— Finite horizon: Once again, this theorem holds in the finite horizon
setting. That is we first choose the number of samples we are going to
use, then the learning rate as a constant. It allows us to chose v as a
function of n, in order to balance the main terms in the error bound.
The trade-off must be understood as follows: a bigger v increases the
effect of the noise, but a smaller one makes it harder to forget the
initial condition.

We may now deduce the following corollaries, with specific optimized

values of ~:

COROLLARY 2 (Optimal constant v). Assume (A1-6) and a constant
step-size v; =y =T'(n), for 1 <i< n:
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—2amin{r,1}—1+a

1. If 5L <y and T(n) = 4o n~ 20mnlnlF 1 4gR? < 1/4, we have:

2amin{r,1}

(34) E(1gn — gnlf;_) < A n~mmininiie,

2
: _ 1 2 a2 47— 2
with A =4 <1 + (7082)21&> Cla)sayy "o + 73T||LKT9H||L§X‘
2. If0<r< 0‘2—;1, with T'(n) = 7o is constant, we have:

_ _a—1
(3.5) E(llgn—gull7s ) <An™ %,
with the same constant A.

We can make the following observations:

— Limit conditions: Assumption (A4), gives us some kind of “posi-
tion” of the objective function with respect to our reproducing kernel
Hilbert space. If » > 1/2 then gy € H. That means the regression
function truly lies in the space in which we are looking for an approx-
imation. However, it is not necessary neither to get the convergence
result, which stands for any » > 0, nor to get the optimal rate (see
definition in Section 4.2), which is also true for S <7 < 1.

— Evolution with r and «: As it has been noticed above, a bigger o
or r would be a stronger assumption. It is thus natural to get a rate
which improves with a bigger a or r: the function (o, r) — 22?& is
increasing in both parameters.

— Different regions: in Figure 1a, we plot in the plan of coordinates «, §
(with § = 2ar 4 1) our limit conditions concerning our assumptions,
that is, r = 1 & § = 2a+ 1 and 0‘2—;1 = r & «a = J. The region
between the two green lines is the region for which the optimal rate of
estimation is reached. The magenta dashed lines stands for r = 1/2,
which has appeared to be meaningless in our context.

The region o > 6 & “2—;1 > r corresponds to a situation where reg-
ularized empirical risk minimization would still be optimal, but with
a regularization parameter \ that decays faster than 1/n, and thus,
our corresponding step-size v = 1/(n\) would not be bounded as a
function of n. We thus saturate our step-size to a constant and the
generalization error is dominated by the bias term.

The region o < (0 — 1)/2 < r > 1 corresponds to a situation where
regularized empirical risk minimization reaches a saturating behaviour.
In our stochastic approximation context, the variance term dominates.
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3.5. Theorem (online). We now consider the second case when the se-
quence of step sizes does not depend on the number of samples we want to
use (online setting).

The computation are more tedious in such a situation so that we will only
state asymptotic theorems in order to understand the similarities and dif-
ferences between the finite horizon setting and the online setting, especially
in terms of limit conditions.

THEOREM 3 (Complete bound, (v,), online). Assume (A1-6), assume
forany i, v = 2.
-Ifo<r(l-¢) <1, if0<C<% then
1 —r 2
02(327n)a> 19 HLK gHHL%X

, El|gn — gul?. <
(3.6) | n 9H||Lgx O( T (nyn)?r

~Ifo<r(l-¢) <1, 3<¢

1
2yp)e 1

1 2
7’Ll @ np)/n

- 2
HLKTQHHL/%X
(n'Yn)QT

2
_ g
@) Elg. ol <0 (

The constant in the O(-) notations only depend on vy and c.

Theorem 3 is proved in Appendix B.4. In the first case, the main bias
and variance terms are the same as in the finite horizon setting, and so
is the optimal choice of (. However in the second case, the variance term
behaviour changes: it does not decrease any more when ( increases beyond
1/2. Indeed, in such a case our constant averaging procedure puts to much
weight on the first iterates, thus we do not improve the variance bound
by making the learning rate decrease faster. Other type of averaging, as
proposed for example in [38], could help to improve the bound.

Moreover, this extra condition thus changes a bit the regions where we
get the optimal rate (see Figure 1b), and we have the following corollary:

COROLLARY 3 (Optimal decreasing v,,). Assume (A1-6) (in this corol-
lary, O(-) stands for a constant depending on «, HL]_(TQ’HHL%X,S,O'Q,’}/() and
universal constants):

—2ar—1+a

1. If 0‘2—;1 <r< 2%;1, with v, = yon~ 2071 for any n > 1 we get the
rate:

_ _ _2ar
(3.8) Ellga — gullzs = O (n"77) .
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—-1/2

2. If 2%—1 <r, with v, = yon for anyn > 1, we get the rate:

(67

_ 2 _ 2a-—1
(3.9) Ellga — gulfy =0 (n 55 ).

8. If0 < r< 6“2—_&1, with v, = Yo for any n > 1, we get the rate given
n (3.5). Indeed the choice of a constant learning rate naturally results
in an online procedure.

This corollary is directly derived from Theorem 3, balancing the two main

terms. The only difference with the finite horizon setting is the shrinkage of
the optimality region as the condition r < 1 is replaced by r < % <1

(6%
(see Figure 1b). In the next section, we relate our results to existing work.

201 r=1/2 2a-1 r=1/2
S B>V 35y B>V
at e r=20-1
4 x ¥ r=1 4 x * 2
3 3 3 3
Saturation Saturation
2 o *  V>B 2 A *  V>B
1 — 1 =
2 4 6 8 2 4 6 8
)
(a) Finite Horizon (b) Online

Figure 1: Behaviour of convergence rates: (left) finite horizon and (right)
online setting. We describe in the («, d) plan (with § = 2ar+1) the different
optimality regions : between the two green lines, we achieve the optimal
rate. On the left plot the red (respectively magenta and cyan) lines are the
regions for which Zhang (respectively Yao&Tarres and Ying&Pontil) proved
to achieve the overall optimal rate (which may only be the case if o = 1).
The four blue points match the coordinates of the four couples («,d) that
will be used in our simulations : they are spread over the different optimality
regions.

4. Links with existing results. In this section, we relate our results
from the previous section to existing results.

4.1. Euclidean spaces. Recently, Bach and Moulines showed in [13] that
for least squares regression, averaged stochastic gradient descent achieved
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a rate of O(1/n), in a finite-dimensional Hilbert space (Euclidean space),
under the same assumptions as above (except the first one of course), which
is replaced by:

(A1’) H is a d-dimensional Euclidean space.

They showed the following result:

PROPOSITION 7 (Finite-dimensions [13]). Assume (A1’), (A2-6). Then
for any constant step-size v < #, we have

_ 1 [ ovd 1)
(4.1) Ele (9,) —elgn)] < m L_\/W + RHQHHH\/W] .

2
Thus with 7 = 1k we get E [z (3,) — =(gn)] < 2 |ovd+ Rllgnulln] -

We show that we can deduce such a theorem from Theorem 2 (and even
with comparable constants). Indeed under (A1’) we have:

— If E [||zn]|?] < R? then ¥ < R%I and (A3) is true for any o > 1 with
s?2 = R%d®. Indeed \; < R?if i <d and \; =0 if i > d + 1 so that for
any a > 1,i € N*, \; < R24.

— As we are in a finite-dimensional space (A4) is true for r = 1/2 as
TV 2052, = llgwl

Under such remarks, the following corollary may be deduced from Theo-
rem 2:

COROLLARY 4. Assume (A1’), (A2-6), then for any o > 1, with
YR? < 1/4:

i — a2, <39 Ly o vt gl
Ellgn — gulis < — 1+ ———5 | Cla)(R*yd*n)a +4°="H,
xS U (yR2de) "
So that, when a — oo, C(a) = % —aseo 1, and

2
Ele (g,) —e(gn)] < % (a\/E (1 + \}g) _I_RHQHHH\/%) .

This bound is easily comparable to (4.1) and shows that our analysis has

-1
not lost too much. Moreover our learning rate is proportional to n2e+1 with
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r = 1/2, so tends to behave like a constant when o — oo, which recovers
the constant step set-up from [13].

Moreover, N. Flammarion proved®, using same kind of techniques, that
their bound could be extended to:

2 -1/2,, 112
_ o°d 4IZ gl
(4.2) Ele (9n) —elgn)] < 47 +4R W7
a result that may be deduced of the following more general corollary of our
Theorem 2:

COROLLARY 5. Assume (A1°), (A2-6), and, for someq > 0, || %gy||3, =
HE_(‘HUQ)QHH%Q < 00, then:
X

O'2d 4 ||E_qg ||2
=\ _ (g+1/2) U= I*lH
Ele(g,) —e(g+)] < 8 — t4R (nyR2)2a+1/2)

Such a result is derived from Theorem 2 with o« — oo, with r = ¢ + 1/2.
It bridges the gap between Proposition 7 (¢ = 0), and its extension (4.2)
(¢ = 1/2). The constants 4 and 8 come from the upper bounds (a + b)? <
a2+ b%and 1+ 1/\/& < 2 and are thus non optimal.

Remark: linking our work to the finite-dimensional setting is made using
the fact that our assumption (A3) is true for any o > 1 and the fact that
C(a) om0 L.

4.2. Optimal rates of estimation. In some situations, our stochastic ap-
proximation framework leads to “optimal” rates of prediction in the fol-
lowing sense. In [5, Theorem 2] a minimax lower bound was given: let
Pla,r) (a > 1,7 € [1/2,1]) be the set of all probability measures p on
X x Y, such that:

o as., |yl < M,
- 2
e T"gp € EP(X)’
e the eigenvalues (j1;)jen arranged in a non increasing order, are subject
to the decay p; = O(j7%).

Then the following minimax lower rate stands:

liminf inf sup P{e(gn) —e(g,) > Cn~2re/Cra+bl —q
N0 gn pep(hr) { p }

SPersonnal communication, 05/2014
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for some constant C' > 0 where the infimum in the middle is taken over all
algorithms as a map ((x;, yi)1<i<n) = gn € H.

When making assumptions (a3-4), the assumptions regarding the pre-
diction problem (i.e., the optimal function g,) are summarized in the decay
of the components of g, in an orthonormal basis, characterized by the con-
stant 6. Here, the minimax rate of estimation (see, e.g., [39]) is O(n~11/9)
which is the same as O (n=2"%/(2ra+1)) with the identification § = 2ar + 1.

That means the rate we get is optimal for 0‘2—_&1 < r < 1 in the finite
horizon setting, and for 0‘2—;1 <r< % in the online setting. This is the

region between the two green lines on Figure 1.

4.3. Regularized stochastic approximation. It is interesting to link our
results to what has been done in [34] and [9] in the case of regularized
least-mean-squares, so that the recursion is written:

gn = Gn—-1 —Tn ((gn—l(xn) - yn)Kxn + )\ngn—l)

with (gn—1(2n)—Yn) Kz, +Angn—1 an unbiased gradient of 1E, [(g(z) — y)?]+
% lg]|%. In [9] the following result is proved (Remark 2.8 following Theorem
C):

THEOREM 4 (Regularized, non averaged stochastic gradient[9]). Assume
that T~"g, € L2 for some r € [1/2,1]. Assume the kernel is bounded and
Y compact. Then with probability at least 1 — K, for allt € N,

£gn) — lgy) < O (n72/@ D)
Where O, stands for a constant which depends on k.

No assumption is made on the covariance operator beyond being trace
class, but only on HT*”ngLgX (thus no assumption (A3)). A few remarks
may be made:

1. They get almost-sure convergence, when we only get convergence in
expectation. We could perhaps derive a.s. convergence by considering
moment bounds in order to be able to derive convergence in high
probability and to use Borel-Cantelli lemma.

2. They only assume % < r < 1, which means that they assume the
regression function to lie in the RKHS.
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4.4. Unregularized stochastic approzimation. In [8], Ying and Pontil stud-
ied the same unregularized problem as we consider, under assumption (A4).
They obtain the same rates as above (n~2"/(2+1) Jog(n)) in both online case
(with 0 < r < ) and finite horizon setting (0 < 7).

They led as an open problem to improve bounds with some additional
information on some decay of the eigenvalues of T, a question which is
answered here.

Moreover, Zhang [35] also studies stochastic gradient descent algorithms
in an unregularized setting, also with averaging. As described in [8], his
result is stated in the linear kernel setting but may be extended to kernels
satisfying sup,cy K(z,7) < R?. Ying and Pontil derive from Theorem 5.2
in [35] the following proposition:

PROPOSITION 8 (Short step-sizes [35]). Assume we consider the algo-
rithm defined in Section 3.2 and output g,, defined by equation (3.1). Assume
the kernel K satisfies supye v K(z,2) < R?. Finally assume g, satisfies as-
sumption (A4) with 0 < r < 1/2. Then in the finite horizon setting, with

2

__=r
I'(n) = ﬁn 2r+1 | we have:

£l () (o)) = O (175

Moreover, note that we may derive their result from Corollary 2. Indeed,
using I'(n) = ’yon%, we get a bias term which is of order n% and a
variance term of order anm which is smaller. Our analysis thus recovers
their convergence rate with their step-size. Note that this step-size they is
significantly smaller than ours, and that the resulting bound is worse (but
their result holds in more general settings than least-squares). See more
details in Section 4.5.

4.5. Summary of results. All three algorithms are variants of the follow-
ing:

g =0
Vn=1, gn (1 - )‘n)gn—l - 'Yn(yn - gn—l(xn))Kxn'

But they are studied under different settings, concerning regularization,
averaging, assumptions: we sum up in Table 1 the settings of each of these
studies. For each of them, we consider the finite horizon settings, where
results are generally better.
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Algorithm Ass. Ass. Yn An Rate Conditions
type (A3) | (A4)
2a
This paper (1) yes yes 1 0 n- za—1 r< ”‘2—;1
2ar+l—« —2ar
This paper (2) yes yes | n” Ao 0 nZari elorcl
This paper (3) yes yes n~ 2afl 0 n2a+1 r>1
—2r —2r
Zhang [35] no yes n2rFl 0 n2r+i 0<r<i
—2r —1 —2r
Tarres & Yao [9] no yes nIrFl nIrFI n2r+i 1<r<i
—2r —27r
Ying & Pontil [8] no yes n 2l 0 n 21 r >0
TABLE 1

Summary of assumptions and results (step-sizes, rates and conditions) for our three
regions of convergence and related approaches. We focus on finite-horizon results.

We can make the following observations:

— Dependence of the convergence rate on «a: For learning in any

kernel with o > 1 we strictly improve the asymptotic rate compared to
related methods that only assume summability of eigenvalues: indeed,
the function z +— z/(z + 1) is increasing on RT. If we consider a given
optimal prediction function and a given kernel in which we are going
to learn the function, considering the decrease in eigenvalues allows to
adapt the step-size and obtain an improved learning rate. Namely, we
improved the previous rate 2;?:1 up to 2;31’“1.

Worst case result in 7: in the setting of assumptions (a3,4), given
8, the optimal rate of convergence is known to be O(n~'*1/9), where

0 = 2ar + 1. We thus get the optimal rate, as soon as a < § <

2a + 1, while the other algorithms get the suboptimal rate n%
under various conditions. Note that this sub-optimal rate becomes
close to the optimal rate when « is close to one, that is, in the worst
case situation. Thus, in the worst-case (a arbitrarily close to one), all
methods behave similarly, but for any particular instance where oo > 1,
our rates are better.

Choice of kernel: in the setting of assumptions (a3,4), given 4, in
order to get the optimal rate, we may choose the kernel (i.e., @) such
that @ < § < 2a + 1 (that is neither too big, nor too small), while
other methods need to choose a kernel for which « is as close to one
as possible, which may not be possible in practice.

Improved bounds: Ying and Pontil [8] only give asymptotic bounds,
while we have exact constants for the finite horizon case. Moreover
there are some logarithmic terms in [8] which disappear in our analysis.
— Saturation: our method does saturate for » > 1, while the non-
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averaged framework of [8] does not (but does not depend on the value
of ). We conjecture that a proper non-uniform averaging scheme (that
puts more weight on the latest iterates), we should get the best of both
worlds.

5. Experiments on artificial data. Following [8], we consider syn-
thetic examples with smoothing splines on the circle, where our assumptions
(A3-4) are easily satisfied.

5.1. Splines on the circle. 'The simplest example to match our assump-
tions may be found in [1]. We consider Y = g,(X) + ¢, with X ~ U[0;1] is
a uniform random variable in [0, 1], and g, in a particular RKHS (which is
actually a Sobolev space).

Let H be the collection of all zero-mean periodic functions on [0; 1] of the
form

fit— \fz a;(f) cos(2mit) + \be ) sin(2mit),

with

[e.9]

1117 = D _(ai(f)? + bi )*) (2m0)*™ < 0.
i=1
This means that the m-th derivative of f, f(™ is in £2([0;1]). We consider
the inner product:

(e 9]

{9y =Y (2mi)*™ (ai(f)ai(g) + bi())bi(g)) -

i=1

It is known that H is an RKHS and that the reproducing kernel R,,(s,t)
for H is

o0

Ry (s,t) = Z 2 i) [cos(2mis) cos(2mit) + sin(27is) sin(2mit)]
i)
1:1
o0

= Z — cos(2mi(s —t)).

1= 1

Moreover the study of Bernoulli polynomials gives a close formula for R(s, t),

that is: ym-t
o B ({5 = 1),

with B, denoting the m-th Bernoulli polynomial and {s — ¢} the fractional
part of s —t [1].

Ry (s,t) =
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We can derive the following proposition for the covariance operator which
means that our assumption (A3) is satisfied for our algorithm in H when
X ~U[0; 1], with o = 2m, and s = 2(1/2m)™.

PropPOSITION 9 (Covariance operator for smoothing splines). If X ~
U[0; 1], then in H:

1. the eigenvalues of ¥ are all of multiplicity 2 and are \; = (2mi) 2™,
2. the eigenfunctions are ¢¢ : t = /2 cos(2mit) and ¢5 : t — \/2sin(27it).

PROOF. For ¢§ we have (a similar argument holds for ¢£):

T(97)(s)

/0 " R(s,4)v/3 cos(2mit)dt

1 2 ) 3(2mis) = \jvV2cos(2mes
= (/0 Wﬂ\/icos@mt)zdt) cos(2mis) = \;V/2 cos(2mis)
= N5 (s).

It is well known that (¢, ¢7)i>0 is an orthonormal system (the Fourier
basis) of the functions in £2([0;1]) with zero mean, and it is easy to check
that ((2im) ™™, (2im) " ¢5)i>1 is an orthonormal basis of our RKHS # (this
may also be seen as a consequence of the fact that 7%/2 is an isometry). O

Finally, considering g,(z) = Bj/2(x) with § = 2ar + 1 € 2N, our assump-

tion (A4) holds. Indeed it implies (a3-4), with @ > 1,6 = 2ar + 1, since

>, cos (2imx — %’r)

for any k € N, By(x) = —Qk!izzl Qin)
We may notice a few points:

(see, e.g., [40]).

1. Here the eigenvectors do not depend on the kernel choice, only the re-
normalisation constant depends on the choice of the kernel. Especially
the eigenbasis of T in sz doesn’t depend on m. That can be linked
with the previous remarks made in Section 4.

2. Assumption (A3) defines here the size of the RKHS: the smaller o =
2m is, the bigger the space is, the harder it is to learn a function.

In the next section, we illustrate on such a toy model our main results and
compare our learning algorithm to Ying and Pontil’s [8], Tarreés and Yao’s
[9] and Zhang’s [35] algorithms.

5.2. Exzperimental set-up. We use g,(x) = Bs/s(z) with 6 = 2ar +1, as
proposed above, with By(z) = z — 3, Bo(z) = 2° — 2z + % and Bs(z) =
2? — 322+ Lo
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We give in Figure 2 the functions used for simulations in a few cases that
span our three regions. We also remind the choice of v proposed for the 4
algorithms. We always use the finite horizon setting.

r a §| K g, igggl; (this paper) iZiEZ% (previous)
075 2 4| R By | —1/2=-05 ~3/5=-0.6
037 4 4| Ry B 0 —3/7 ~ —0.43
125 2 6| R Bs| —3/T~—043 —5/7~ —0.71
0125 4 2| Rx B 0 -1/5=-0.2

TABLE 2

Different choices of the parameters o, v and the corresponding convergence rates and
step-sizes. The (o, 0) coordinates of the four choices of couple “(kernel, objective
function)” are mapped on Figure 1. They are spread over the different optimality regions.

5.3. Optimal learning rate for our algorithm. In this section, we empir-
ically search for the best choice of a finite horizon learning rate, in order
to check if it matches our prediction. For a certain number of values for n,
distributed exponentially between 1 and 103, we look for the best choice
Chest(n) of a constant learning rate for our algorithm up to horizon n. In
order to do that, for a large number of constants C1,---,Cp, we estimate
the expectation of error E[e(g,, (v = C;)) —e(g,)] by averaging over 30 inde-
pendent sample of size n, then report the constant giving minimal error as
a function of n in Figure 2. We consider here the situation o = 2,7 = 0.75.
We plot results in a logarithmic scale, and evaluate the asymptotic decrease
of I'pest (1) by fitting an affine approximation to the second half of the curve.
We get a slope of —0.51, which matches our choice of —0.5 from Corollary 2.
Although, our theoretical results are only upper-bounds, we conjecture that
our proof technique also leads to lower-bounds in situations where assump-
tions (a3-4) hold (like in this experiment).
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g -05
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05, (n)

Figure 2: Optimal learning rate I'yest(n) for our algorithm in the finite hori-
zon setting (plain magenta). The dashed green curve is a first order affine
approximation of the second half of the magenta curve.

5.4. Comparison to competing algorithms. In this section, we compare
the convergence rates of the four algorithms described in Section 4.5. We
consider the different choices of (r,«) as described in Table 2 in order to
go all over the different optimality situations. The main properties of each
algorithm are described in Table 1. However we may note:

— For our algorithm, I'(n) is chosen accordingly with Corollary 2, with
Yo = %-
— For Ying and Pontil’s algorithm, accordingly to Theorem 6 in [8], we

2r
consider I'(n) = yyn~ z+1. We choose vy = % which behaves better

than the proposed iz

— For Tarrés and Yaol’s algorithm, we refer to Theorem C in [9], and
consider T'(n) = a(ng —i—n)_% and A(n) = 1 (ng +n)_Tl+l. The
theorem is stated for all @ > 4: we choose a = 4.

— For Zhangl’s algorithm, we refer to Part 2.2 in [8], and choose I'(n) =

2r
Yon 27+ with yg = # which behaves better than the proposed choice
1

A(1+R?)"

Finally, we sum up the rates that were both predicted and derived for the
four algorithms in the four cases for («,d) in Table 3. It appears that (a)
we approximatively match the predicted rates in most cases (they would if
n was larger), (b) our rates improve on existing work.
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This paper
||—Ying & Pontil
—Tarres & Yao
43 1 | 2 3 4
og,, (n)
(a) r=0.75,a =2
—2r
)
Ti; —2.57
o -3
W,
L
o This paper
S 4 —Ying & Pontil
—Tarres &Yaqg
45 —Zhang
’ 1 | 2 3 4
03, ()

(c)r=125a=2

2
;o.
?—2.5
© 3
3,
L
3.5
2 This paper
8 - —Ying & Pontil
—Tarres &Yao
45 —Zhang
' 1 2 3 4
109, (n)
(b) r=0.375,a =4
-1
AO.
R
?
—~=15
©
=,
L
22— This paper
.;_? —Ying & Pontil
—Tarres &Yaqg
— Zhang
2.5
1 2 3 4
109, (n)

(d) r=0125,0 =4

Figure 3: Comparison between algorithms. We have chosen parameters in
each algorithm accordingly with description in Section 4.5, especially for the

choices of 7p. The y-axis is log,( (E[e(gn)

—e(9p)]), where the final output g,

may be either g, (This paper, Zhang) or ¢, (Ying & Pontil, Yao & Tarres).
This expectation is computed by averaging over 15 independent samples.
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r=0.75 | r=037 | r=125 | r=0.125

o =2 a=4 a=2 a=4

Predicted rate (our algo.) -0.75 -0.75 -0.8 -0.375
Effective rate (our algo.) -0.7 -0.71 -0.69 -0.29
Predicted rate (YP) -0.6 -0.43 -0.71 -0.2
Effective rate (YP) -0.53 -0.5 -0.63 -0.22

Predicted rate (TY) -0.6
Effective rate (TY) -0.48 -0.39 -0.43 -0.2
Predicted rate (Z) -0.43 -0.2
Effective rate (Z) -0.53 -0.43 -0.41 -0.21
TABLE 3

Predicted and effective rates (asymptotic slope of the log-log plot) for the four different
situations. We leave empty cases when the set-up does not come with existing guarantees:
most algorithms seem to exhibit the expected behaviour even in such cases.

6. Conclusion. In this paper, we have provided an analysis of averaged
unregularized stochastic gradient methods for kernel-based least-squares re-
gression. Our novel analysis allowed us to consider larger step-sizes, which
in turn lead to optimal estimation rates for many settings of eigenvalue de-
cay of the covariance operators and smoothness of the optimal prediction
function. Moreover, we have worked on a more general setting than previous
work, that includes most interesting cases of positive definite kernels.

Our work can be extended in a number of interesting ways: First, (a) we
have considered results in expectation; following the higher-order moment
bounds from [13] in the Euclidean case, we could consider higher-order mo-
ments, which in turn could lead to high-probability results or almost-sure
convergence. Moreover, (b) while we obtain optimal convergence rates for
a particular regime of kernels/objective functions, using different types of
averaging (i.e., non uniform) may lead to optimal rates in other regimes. Be-
sides, (c) following [13], we could extend our results for infinite-dimensional
least-squares regression to other smooth loss functions, such as for logistic
regression, where an online Newton algorithm with the same running-time
complexity would also lead to optimal convergence rates. Finally, (d) the
running-time complexity of our stochastic approximation procedures is still
quadratic in the number of samples n, which is unsatisfactory when n is
large; by considering reduced set-methods [31, 32, 6], we hope to able to
obtain a complexity of O(d,n), where d,, is such that the convergence rate
is O(dy/n), which would extend the Euclidean space result, where d,, is
constant equal to the dimension.
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Appendices

In Appendix A, we provide proofs of the propositions from Section 2 that
provide the Hilbert space set-up for kernel-based learning, while in Ap-
pendix B, we prove convergence rates for the least-mean-squares algorithm.

A. Reproducing kernel Hilbert spaces. In this appendix, we pro-
vide proofs of the results from Section 2 that provide the RHKS space set-up
for kernel-based learning. See [20, 4, 34| for further properties of RKHSs.

We consider a reproducing kernel Hilbert space H with kernel K on space
X as defined in Section 2.1. Unless explicitly mentioned, we do not make
any topological assumption on X.

As detailed in Section 2.2 we consider a set X and ) C R and a distri-
bution p on X x Y. We denote px the marginal law on the space X. In
the following, we use the notation (X,Y’) for a random variable following
the law p. We define spaces LiX,E?,X and the canonical projection p. In the
following we further assume that L%X is separable, an assumption satisfied
in most cases.

We remind our assumptions:

(A1) H is a separable RKHS associated with kernel K on a space X.
(A2) E[K(X,X)] and E[Y?] are finite.

Assumption (A2) ensures that every function in # is square-integrable,
that is, if E[K (X, X)] < oo, then H C L2 . Indeed, we have:

PROPOSITION 10. Assume (A1).

1. I E[K(X, X)] < oo, then H C L2, .
2. If sup,ecy K(z,x) < 00, then any function in H is bounded.

PRrROOF. Under such condition, by Cauchy-Schwartz inequality, any func-
tion f € H is either bounded or integrable:

[f(@) < ||f|!§<K(x,w)<HfH%Sleng(w,fv),

| 1f@)Rdox(@) < WSl [ Ko a)dpaa).
X X
U

The assumption E[K (X, X)] < oo seems to be the weakest assumption to
make, in order to have at least H C E%X. However they may exist functions
[ € H\ {0} such that | f|| rz = 0. However under stronger assumptions

(see Section A.5) we may identify H and p(H).
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A.1. Properties of the minimization problem. We are interested in min-
imizing the following quantity, which is the prediction error of a function f,
which may be rewritten as follows with dot-products in L%X:

() = SE[(x) -
1 2
= S, — [, f@uden) +c
= 51y, = [ 1@ ([ vdovixest)) dox(o) +c
A= G~ (5 vdenx) e

PX

1
= §Hf\|%gx —(AEYIX =) +e

Notice that the problem may be re-written, if f is in H, with dot-products
in H:

() = SECOA — (L EY x4+ 5EV)

N — DN —

<f72f>K_<fnu>K+C

Interpretation: Under the form (A.l), it appears to be a minimisation
problem in a Hilbert space of the sum of a continuous coercive function and
a linear one. Using Lax-Milgramm and Stampachia theorems [17] we can
conclude with the following proposition, which implies Prop. 1 in Section 2:

PROPOSITION 11 (g,, g3). Assume (A1-2). We have the following points:

1. There exists a unique minimizer over the space L%X. This minimaizer
is the regression function g, : x> [}, ydpy|x—.(y) (Laz-Milgramm).

2. For any non empty closed convex set, there exists a unique minimizer
(Stampachia). As a consequence, there exists a unique minimizer:

g = arg min E[(f(X)-Y)?|
fep(H)

over p(H). gu 1is the orthogonal projection over g, over p(H), thus
satisfies the following equality: for any e € H:

(A.2) El(gn(X) = Y)e(X)] =0
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A.2. Covariance Operator. We defined operators 3,7, T in Section 2.4.
We here state the main properties of these operators, then prove the two
main decompositions stated in Propositions 2 and 3.

PROPOSITION 12 (Properties of ¥). Assume (A1-2).

1. 3 is well defined (that is for any f € H, z — Ef(X)K(X, z) is in H).

2. X is a continuous operator.

3. Ker(X) ={f e H s.t. HfHL%x = 0}. Actually forany f € H, (f,Xf)x =
17113, -

4. X is a self-adjoint operator.

PROOF. 1. for any x € X, f(z)K, is in H. To show that the integral
Jpex f(2) K, is converging, it is sufficient to show the is is absolutely
converging in H, as absolute convergence implies convergence in any
Banach space’ (thus any Hilbert space). Moreover:

L@l < [ e gl
TEX reX
~/:(:E |/ (@)|K (z,2)"2dpx (x)

x
(/wex f(x)deX(x)> " </x€X K (z, x)dpx(:v)> "

< o0

under assumption E[K (X, X)] < oo ((A2)).
2. For any f € H, we have

I£fl = (S£EHK= [ (SHE)f@)dpx()

zeX

= /1'y€X2<f, Ko) ik (f, Ky)k (Ky, Kz) kdpx (x)dpx (y)

N

N

< [ Ml B e (@) ()
by Cauchy Schwartz,
2
< W[ Il kdox (@)
zEX?
2
< ([, Kaoddpx(@))
zeX?

7A Banch space is a linear normed space which is complete for the distance derived
from the norm.
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which proves the continuity under assumption (A2).

3. 3f = 0= (f,3f) = 0 = E[f?(X)] = 0. Reciprocally, if HfHL,%X =0,
it is clear that HEfHLgX = 0, then [|[2f|lx = E[f(X)(Zf)(X)] =0,
thus f € Ker(T).

4. Tt is clear that (Xf,g) = (f, Xg).

O

PROPOSITION 13 (Properties of 7). Assume (A1-2). T satisfies the
following properties:

1. T is a well defined, continuous operator.

2. Forany f € H, T(f) =Zf, | Tk = Joyere W) (@)K (z,y)dpx (y)dpx ().
3. The image of T is a subspace of H.

PROOF. Tt is clear that 7 is well defined, as for any class f, [ f(t) K; dpx ()
does not depend on the representer f, and is converging in H (which is the
third point), just as in the previous proof. The second point results from the
definitions. Finally for continuity, we have:

ITF% = (TLTHx
— [ | @@ pdexm)dpx @)
zeX JyeX

(] seran )(/ Kl a)dpx(@)) < U1,

N

N

We now state here a simple lemma that will be useful later:

LEMMA 1. Assume (A1).

1 E[k(X, X)] <00 = [, ex k(z,y)*dpx (x)dpx (y) < 0.
2. Eflk(z,y)[] < 00 = [, er Kz, y)*dpx (x)dpx (y) < oo

PROPOSITION 14 (Propeties of T'). Assume (A1-2). T satisfies the fol-
lowing properties:

1. T is a well defined, continuous operator.
2. The image of T is a subspace of p(H).
3. T is a self-adjoint semi definite positive operator in the Hilbert space
L? .
PX
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PrOOF. T = po T is clearly well defined, using the arguments given
above. Moreover:

ity = [ ([ Ke0r@ix®) doxtz)
< ([, [ Karaoxwdox@) ([ Podox®) by s
< O|’f’|£§x by Lemma 1,

which is continuity®. Then by Proposition 13, Im(7T'd) C p(Im(7)) C p(H).
Finally, for any f,g € K?)X,

(. Toes, = [ 1) To(@)dpx(a)
= [, 7@ ([ 90K @ 0dpx(t) ) dpx(a)
= [ H@gOK @ 0dox Odpx(a) = (T1.9)c3.

and (f,Tf) 2 > 0 as a generalisation of the positive definite property
of K. O

In order to show the existence of an eigenbasis for T', we now show that
is trace-class.

PROPOSITION 15 (Compactness of the operator).  We have the following
properties:

1. Under (A2), T is a trace class operator’. As a consequence, it is also
a Hilbert-Schmidt operator'®.

2. If K € L?(px x px) then T is a Hilbert-Schmidt operator.

3. Any Hilbert-Schmidt operator is a compact operator.

PROOF. Proofs of such facts may be found in [17, 41]. Formally, with

8We could also use the continuity of p : H — Lf,x.

9Mimicking the definition for matrices, a bounded linear operator A over a separable
Hilbert space H is said to be in the trace class if for some (and hence all) orthonormal
bases (ex)r of H the sum of positive terms tr|A| := Zk((A*A)l/2 e, ex) is finite.

10 A Hilbert-Schmidt operator is a bounded operator A on a Hilbert space H with finite
Hilbert-Schmidt norm: [|A|[fs = tr[(A"A)| ==, | Ae; >,
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(¢;); an Hilbertian basis in L%X:
E [K(XvX)] =L [<K:ca Kaz>K]

(o)
= L [Z(K@-, (]5@)%(] by Parseval equality,

O]

COROLLARY 6. We have thus proved that under (A1) and (A2), the
operator T may be reduced in some Hilbertian eigenbasis: the fact that T is

self-adjoint and compact implies the existence of an orthonormal eigensystem
(which is an Hilbertian basis of L%X).

This is a consequence of a very classical result, see for example [17].

DEFINITION 4. The null space Ker(T) := {f € LZX st. Tf = 0} may
not be {0}. We denote by S an orthogonal supplementary of Ker(T).

Proposition 2 is directly derived from a slightly more complete Proposi-
tion 16 below:

PrROPOSITION 16 (Eigen-decomposition of T'). Under (A1) and (A2),
T is a bounded self adjoint semi-definite positive operator on LZX, which is
trace-class. There exists'' a Hilbertian eigenbasis (¢;)ic; of the orthogonal

supplement S of the null space Ker(T'), with summable eigenvalues (pu;)icr-
That is:

o Vi eI, To; = uidi, ()i strictly positive non increasing (or finite)
sequence such that Y ;o p; < 0o.

y 1
o Lo =Ker(T)®S.
We have'?: S = span{¢;} = {Z a;p; s.t. Za? < oo} . Moreover:
i=1 i=1

(A.3) S = p(H).

116 is stable by T and T : S — S is a self adjoint compact positive operator.
12We denote by span(A) the smallest linear space which contains A, which is in such
a case the set of all finite linear combinations of (¢;)ier-
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PROOF. For any i € I, ¢; = iLqui € p(H). Thus span{¢;} C p(H),

thus S = span{¢;} C p(#H). Moreover, using the following Lemma, p(H) C
Ker(T)* = S, which concludes the proof, by taking the closures. O

LEMMA 2.  We have the following points:
o if TYV2f=0inL2 , then Tf =0 in H.
e p(H) C Ker(T)*.

PROOF. We first notice that if TV/2f = 0 in Lng then Tf = 0 in H:
indeed!3

1Ts = ([ @ Kadpx (@), [ 1) Ksdox(v)

= | f@)f(y) K (z,y)dpx (z)dpx (y)
= (f,Tf)rz, =0if Tf=0inLj .

K

Moreover H is the completed space of span {K,,z € X'}, with respect to
| - llx and for all x € X, for all ¢y, € Ker(T'):

CUED U, = [ Ke@ex)dex () = Tv)),
however, Ty =2 0 =TYpr=40 VreX=Ty(z)=0.

As a consequence, span{p(K,),r € X} C Ker(T)-. We just have to
show that span{p(K,),z € X} = p(H), as Ker(T)* is a closed space. It

is true as for any f € p(H),f € H there exists f, C span{K,,z € X}
such that f, it f, thus p(fn) — f in L2_'. Finally we have proved that

PX

p(H) C Ker(T)* . O

Similarly, Proposition 3 is derived from Proposition 17 below:

13Tn other words, we the operator defined below T/?
1/2 _
T/°f =Lz, 0
T =w EYATV
I THE = ISACTDIE = T3, =0
Apy =4 0.

W~ fllez, = 152 — Dl — 0 as 3 continuous.
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PROPOSITION 17 (Decomposition of ). Under (A1) and (A2), Im(T) C
H, that is, for any f € L2, Tf € H. Moreover, for any i € I, (ﬁf{ =

Px’

iT@' € H is a representant for the equivalence class ¢;. Moreover (u,}ﬂ(l)f{) o
B 2
s an orthonormal eigein-system of . That is:

o Vic I, Yo = ol
° (M;/2¢£{)iel is an orthonormal family in 7.
We thus have: )
S = {Zaigbfl s.t. Za—l < oo}.
iel ier Hi

Moreover . is the orthogonal supplement of the null space Ker(X):

H = Ker(S) & 7.

PROOF. The family ¢ = iTgﬁi satisfies:

o ¢ =¢; (in L2,),
o ¢/l €7,
o Top! = y;¢p; in L%X,

o ToH =3¢ = ;¢! in .

All the points are clear: indeed for example ZgbZH =T¢; = Mi@H . More-
over, we have that:

léillis = llellZ;, = (&', i)k by Proposition 3
H
= pillei' %
H
= vmio! Ik
That means that (\/m;¢); is an orthonormal family in .
Moreover, . is defined as the completion for || - ||x of this orthonormal
2
family, which gives . = {Zie] ai¢pf st Sier % < oo} .

1
To show that H = Ker(X) @ ., we use the following sequence of argu-
ments:

e First, as ¥ is a continuous operator, Ker(X) is a closed space in H,
1
thus H = Ker(X) & (Ker(X))™*.
e Ker(X) C (TY2(S))*: indeed for all f € Ker(2), (f,¢}*) = -L(f,To}) =
iE(f, @) = 0, and as a consequence for any f € Ker(X), g € T/%(S),
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there exists (gn) C span(¢i) s.t. g, it g, thus 0 = (gn, /) — (f,9)
and finally f € (TY2(S))1. Equivalently 71/2(S) c (Ker(X))*.

o (TY2(8))*+ c Ker(%). For any i, ¢/ € TV2(S). If f € (TY?(9))*,
then <p(f)v¢i>L§X = (f,Toi)n = 0. As a consequence p(f) € p(H) N
Ker(T) = {0}, thus f € Ker(X). That is (7/2(5))* ¢ Ker(X). Equiv-
alently Ker(X)+ c (T'/2(S)).

e Combining these points: H = Ker(X) é_a .

O]

1L 1L
We have two decompositions of ng =Ker(T)® S and H = Ker(X) ¢ .7.
They happen to be related through the mapping 7/2, which we now define.

A.3. Properties of T", r > 0. We defined operators 7", r > 0 and T,
r > 1/2 in Section 2.4 in Definitions 2,3.

PROPOSITION 18 (Properties of 77, 7).

o 1" is well defined for any r > 0.

o T is well defined for any r > %

o TV2:8 5 7 is an isometry.

o Moreover Im(T"/?) = p(H). That means T/? : S — p(H) is an iso-
morphism.

PrOOF. T" is well defined for any r > 0.

S = {32, aip; st. 372, a? < oo}. For any sequence (a;)ics such that
S a? < oo, TT(X aig;) = 3; pha;¢; is a converging sum in the Hilbert
space L?,X (as (pi)ier is bounded thus >°, ura;¢; satisfies Cauchy is crite-

rion: || Y8 plaidi||? < ph (3 a2)1/2). And Cauchy is criterion implies

i=n "1
convergence in Hilbert spaces.
7" is well defined for any r > 1.
We have shown that (, /ui(bf{ )i is an orthonormal family in H. As a conse-
quence (using the fact that (u;) is a bounded sequence), for any sequence

(a;); such that 3" a? < oo, 3°; ula;¢!! satisfies Cauchy is criterion thus is con-
N -1/2 -1/2

verging in H as | iep ihaidfl | = Yoy 1202 < g * Yiepr a? < oo,

(We need r > 1/2 of course).

T2 .8 — .7 is an isometry.
Definition has been proved. Surjectivity in .# is by definition, as 7'/2(S) =

2
{Zie[ ai¢pl st Yier Z—Z < 00 ¢ . Moreover, the operator is clearly injective
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as for any f € S, Tf # 0 in L2 thus T'f # 0 in H. Moreover for any
= Sfia € S, ITfIE = 5 Sra/mdill = XZiaf = 1flz
which is the isometrical property.

It must be noticed that we cannot prove surjectivity in H!°, that is with-
out our “strong assumptions”. However we will show that operator T/2 is
surjective in p(H).

Im(T"/?) = p(H). That means T'/2 : S — p(#) is an isomorphism.
Im(TY/2) = p(Im(7'/2)) = p(.#). Moreover p(H) = (Ker( )B.S) = p(S).
Consequently Im(7"'/2?) = p(H). Moreover TV/2 : § — L is also injective,
which give the isomorphical character.

Note that it is clear that T'/2(S) C p(H) and that for any = € X,

p(Kz) € TY2(S) indeed p(Ky) = S22 (Ka, $i)iz ¢ = 22 pidf ()¢,

ith S (1o (@)" oo CCH (2 _ o0 L H( N2
with 3272, 10 = Y21 iy (2)7 < 00, as K(z,x) = 32, pi¢y (x)
O

Finally, it has appeared that .S and . may be identified via the isometry
T2, We conclude by a proposition which sums up the properties of the
spaces T" (L3, ).

PROPOSITION 19.  The spaces T"(L2 ), > 0 satisfy:
£2.) < 17 (12,)
vr>0, T (12,) = S

T (L)

% T”(Lp> c p(H)

vr =71 >0, TT(

A.4. Kernel decomposition. We prove here Proposition 6.

1
PRrROOF. Considering our decomposition of H = . @ ker(X), an the fact
the (\/;quﬁZ{) is a Hilbertian eigenbasis of ., we have for any = € X,

K, = Z(\/ITZ¢Z{7KI>’H\//7’L¢Z{+QI

i=1

= ZN@QSH ¢H + 9z

151t is actually easy to build a counter example, f.e. with a measure of “small” support
(let is say [—1,1]), a Hilbert space of functions on X = [—5; 5], and a kernel like min(0,1—
|z —yl): Im (71/2) C{feHs. t supp(f) C[-2;2]} ¢ H.
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And as it has been noticed above this sum is converging in .¥ (as in H)
CHH 2
because > 2, (uad @) _ 2 il (z))? = K(z,7) < oo. However, the

i

convergence may not be absolute in H. Our function g, is in Ker(X), which

means [, y g:(y)?dpx (y) = 0.
And as a consequence, we have for all z,y € X,

K(z,y) =Y pwioi (z)6] (y) + g(z,y),
i€l
With g(z,y) := g¢.(y). Changing roles of x,y, it appears that g(x,y) =
g(y, ). And we have for all z € X, [ g(z,y)*dpx(y) = 0. Moreover, the
convergence of the series is absolute
We now prove the following points

(a) (<, ||-ln) is also an RKHS, with kernel K : (z,y) = Yics i ()0 (y)
(b) given the decomposition above, almost surely the optimization prob-
lem in S and H have equivalent solutions.

(a) (7, |- lln) is a Hilbert space as a closed subspace of a Hilbert space.
Then for any z € X : K = (y = K7 (z,y)) = 252, miolt(z)plt € 7.
Finally, for any f € .%

(K V= (f, K7 + go)u = (f, Koy = f(),

because g, € Ker(X) = .7+ 5 f. Thus stands the reproducing property.
(b) We have that p(.¥) = p(H) and our best approximating function
is a minimizer over this set. Moreover if K;” was used instead of K, in
our algorithm, both estimators are almost surely almost surely equal (i.e.,
almost surely in the same equivalence class). Indeed, at any step n, if we
denote g7 the sequence built in . with K, if we have g7 “ g, then
almost surely g;/ (z,,) = gn(7,) and moreover K,, “ K2 . Thus almost

surely, gni1 = gi/11-
L]

A.5. Alternative assumptions. As it has been noticed in the paper, we
have tried to minimize assumptions made on X and K. In this section, we
review some of the consequences of such assumptions.

A.5.1. Alternative assumptions. The following have been considered pre-
viously:

1. Under the assumption that p is a Borel probability measure (with re-
spect with some topology on IRd) and X is a closed space, we may
assume that supp(p) = X, where supp(p) is the smallest close space
of measure one.
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2. The assumption that K is a Mercer kernel (X compact, K continuous)
has generally been made before [9, 16, 4, 8], but does not seem to be
necessary here.

3. (A2) was replaced by the stronger assumption sup,cy K(z,z) < 00
[9, 8, 7] and |Y'| bounded [9, 7] .

A.5.2. Identification H and p(H). Working with mild assumptions has
made it necessary to work with sub spaces of L%X, thus projecting H in p(H).
With stronger assumptions given above, the space H may be identified with
p(H).

Our problems are linked with the fact that a function f in H may satisfy

both [ f[l # 0 and || fllz = 0.

e the “support” of p may not be X.
e cven if the support is &', a function may be p-a.s. 0 but not null in .

Both these “problems” are solved considering the further assumptions
above. We have the following Proposition:

PROPOSITION 20. If we consider a Mercer kernel K (or even any con-
tinuous kernel), on a space X compact and a measure px on X such that
supp(p) = X then the map:

(M)

p:H —
f =

-3

s injective, thus bijective.

A.5.3. Mercer kernel properties. We review here some of the properties
of Mercer kernels, especially Mercer’s theorem which may be compared to
Proposition 6.

PROPOSITION 21 (Mercer theorem). Let X' be a compact domain or a
manifold, p a Borel measure on X, and K : X x X — R a Mercer Kernel.
Let A\ be the k-th eigenvalue of T and @y the corresponding eigenvectors.
For all x,t € X, K(x,t) = > 521 M Pr(2)Pr(t) where the convergence is
absolute (for each z,t € X?) and uniform on X x X.

The proof of this theorem is given in [42].

PROPOSITION 22 (Mercer Kernel properties). In a Mercer kernel, we
have that:
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Ck = sup, ex2(K(7,t)) < oo.

VfeH, fisCO.

The sum Y. A\ is convergent and Y po i A, = fX K(z,x) < p(X)Ck.
The inclusion I : H — C(X) is bounded with |||Ix||| < C’Il(/z.

The map

Crds oo~

d X — P
z = (VIPr(®))ken

is well defined, continuous, and satisfies K(x,t) = (Pg(x), Pr(t)).
6. The space H is independent of the measure considered on X.

We can characterize H via the eigenvalues-eigenvectors:
00 00 ar, 2
H= € L? = ap®Py with <> <00 ).
(e shir = oo & (5

Which is equivalent to saying that 7/2 is an isomorphism between L%X
and H. Where we have only considered A\; > 0. It has no importance to
consider the linear subspace S of L%X spanned by the eigenvectors with non
zero eigenvalues. However it changes the space H which is in any case S,
and is of some importance regarding the estimation problem.

B. Proofs. To get our results, we are going to derive from our recur-
sion a new error decomposition and bound the different sources of error via
algebraic calculations. We first make a few remarks on short notations that
we will use in this part and difficulties that arise from the Hilbert space
setting in Section B.1, then provide intuition via the analysis of a closely
related recursion in Section B.2. We give in Sections B.3, B.4 the complete
proof of our bound respectively in the finite horizon case (Theorem 2) and
the online case (Theorem 3). We finally provide technical calculations of the
main bias and variance terms in Section B.5.

B.1. Preliminary remarks. We remind that we consider a sequence of
functions (g, )nen satisfying the system defined in Section 3.

go = 0 (the null function),
n

gn = Zalel
i=1

With a sequence (ay,)n>1 such that for all n greater than 1 :

n—1
(B'l) an = _7n(gn—1(xn) - yn) = —"Tn <Z aiK(xna xz) - yz) .
=1
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We output

1 n
B.2 g = ..
(B.2) I n+1k§::09k

We consider a representer gy € ng of gy defined by Proposition 1. We
accept to confuse notations as far as our calculations are made on L'%X—
norms, thus does not depend on our choice of the representer.

We aim to estimate :

_ 1,
e(Gn) —elgn) = =190 — gulli= -
2 bx

B.1.1. Notations. In order to simplify reading, we will use some shorter
notations :

e For the covariance operator, we will only use 3 instead of X, T, T,

Space : H
Observations : (Tny Yn)nen 1id. ~p
Best approximation function : 9K
Learning rate : (vi)i

All the functions may be split up the orthonormal eigenbasis of the oper-
ator 7. We can thus see any function as an infinite-dimensional vector, and
operators as matrices. This is of course some (mild) abuse of notations if we
are not in finite dimensions. For example, our operator ¥ may be seen as

Diag(ui)1<i- Carrying on the analogy with the finite dimensional setting, a
self adjoint operator, may be seen as a symmetric matrix.

We will have to deal with several “matrix products” (which are actually
operator compositions). We denote :

n

M(k,n,vy) = H(I_'YK% ® Kz,) = (I — 7Ky, ® Ky) - (I — 7Ka, ® Ka,)

i=k

M(k,n, (vi)i) = H(I —ile, ® Kfliz)
i=k

D(k’ n, (’72)1) = H(I - ’Yiz)
i=k

Remarks :

e As our operators may not commute, we use a somehow unusual con-
vention by defining the products for any k,n, even with k > n , with
M(k7 n, 7) = (I_’YKJ% ®Kﬁ€k)(1_7Kﬂﬁk—1®Kﬂﬁk—1) e ([_7K$n®K$n)'
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e We may denote D(k,n,v) = [[iux(I — %) even if its clearly (I —
A2)"~F+1 just in order to make the comparison between equations
easier.

B.1.2. On norms. In the following, we will use constantly the following
observation :

LEMMA 3. Assume A2-4 , let Ny = Gn — 9H, Tn = Gy, — 9K *

c(90) ~ () = 0 Zn) = 5E ({290 = gn?] (= 3 lom — gy ).
g(gn)—s(gH) = %<ﬁmzﬁn>-

B.1.3. On symmetric matrices. One has to be careful when using auto
adjoint operators, especially when using the order A < B which means that
B — A is non-negative.

Some problems may arise when some self adjoint A, B do not commute,
because then AB is not even in auto adjoint. It is also hopeless to compose
such relations : for example A < B does not imply A% < B? (while the
opposite is true).

However, it is true that if A < B, then for any C' in S,(R), we have
CtAC < C'BC. We will often use this final point. Indeed for any =,
2t (C* BC — C* AC)x = (Cz)!(B — A)(Cx) = 0.

B.1.4. Notation. In the proof, we may use, for any = € H:

KoK, I3, — H
fo= f@) K.

We only consider functions E%X, which are well defined at any point.
The regression function is only almost surely defined but we will consider a
version of the function in E%X.

The following properties clearly hold :
o Ki @Ky =K, @Ky
« E(K,0K,)=T
o [ (K, ® K,)=2X as it has been noticed above.

For some x € X, we may denote x ® x := K, ® K,. Moreover, abusing
notations, we may forget the ~ in many cases.
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B.2. Semi-stochastic recursion - intuition. We remind that :
gn = (I — Ky, ® Kzn)gnfl +YYn Kz, ,

with 8y = 0. We have denoted =, = (yn — gu(zn))Ky,. Thus y,K,, =

— def - —_ . .
g1 (2n) Ky, + 20 = K, ® Ky, g3 +Zn, and our recursion may be rewritten :

(B.3) gn —gn =1 —vK;, ® Kz,)(gn—1 — 92) + 7En,

Finally, we are studying a sequence (7,,), defined by :

M = 9H;
(B'4) M = (I — Ky, ® Kmn)nnfl + MnEn.
Behaviour : It appears that to understand how this will behave, we may

compare it to the following recursion, which may be described as a “semi-
stochastic” version of (B.4) : we keep the randomness due to the noise =,

but forget the randomness due to sampling by replacing K., ® K, by its
expectation ¥ (7, more precisely) :

e = gu,
(B.5) = (= mE) + 1.

Complete proof : This comparison will give an interesting insight and
the main terms of bias and variance will appear if we study (B.5). However
this is not the true recursion : to get Theorem 2, we will have to do a bit of
further work : we will first separate the error due to the noise from the error
due to the initial condition, then link the true recursions to their “semi-
stochastic” counterparts to make the variance and bias terms appear. That
will be done in Section B.3.

Semi-stochastic recursion : In order to get such intuition, in both the
finite horizon and on-line case, we will begin by studying the semi-stochastic
equation (B.5).



First, we have,

v] > 1 antO

njsto
n;sto
ﬁzsto
Then :
—ssto _
Elmtl?, =
+
(B.6) +
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by induction:

ssto

= (=522 + 555
J

H(I_’Yz ] sst0+z

=1

H I— ’Yiz)] VkZk

i=k+1

J
= D(1,j, (9™ + D Dk + 1,5, (7)) mEw
k=1

n

1 1 &
= > D4, (3 + gZZD i)Yk Ek-

j=1 j=1k=1

n J
[E||ZD L g, (vi)idgr + D D D(k+ 1,5, ()i mEkl 2
= 7=1k=1

1 )
2t 21 D(L, 3, (vi)i)gullz
]:

Bias(n)

1 n - n J _
—EQ D4, (vi)i)gws y Y Dk + 1,5, (%)) wEk) 12

j=1 j=1k=1

=0 by (A.2),

1 LI , _
E[EH > > D(k+1,4, (’Yi)z‘)’yk:kHLgX
=1k=1

Var(n)

In the following, all calculations may be driven either with ||S1/2 . |k
or in || - || 1z, using the isometrical character of /2. In order to simplify

comparison with existing work and especially [13], we will mainly use the
former as all calculations are only algebraic sums, we may sometimes use the
notation (z, YNa)y instead of || S1/2z(|2,. Tt is an abuse if = ¢ H, but however
does not induce any confusion or mistake. In the following, if not explicitely
specified, | - || will denote || - ||x.
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In the following we will thus denote :

. 1 A :
Bias (7'1,, (Vl)la Ea gH) = TLQ[EHZI/Q Z [ I ’YZ ] H
=1 K

1 n J J 2
Var (n, ()i, 5, (E1)i) = M[EHEI/QZZ[H (I— %z)] VhEh

j=1k=1 |i=k+1 K

In section B.5 we will prove the following Lemmas which upper bound
these bias and variance terms under different assumptions :

[u—

Bias (n, v, 2, g;«{> if we assume A 3,4, v constant,
2. Var (n ¥, 2, (HZ)Z> if we assume A 3,6, v constant,

w

. Bias (n, (Vi)i, E,gH> if we assume A3,4 and y; = n—lg, 0< (<1,

e~

Var (n, (Vi)i, 2, (EZ)Z> if we assume A3,6 and v; = %, 0<(¢<1.
The two terms show respectively the impact :

1. of the initial setting and the hardness to forget the initial condition,
2. the noise.

Thus the first one tends to decrease when 7 is increasing, whereas the second
one increases when  increases. We understand we may have to choose our
step ~ in order to optimize the trade-off between these two factors.

In the finite-dimensional case, it results from such a decomposition that
if C = 0%% then E (@1, St-1)] < m”aHO + 2% as this upper bound is
vacuous when d is either large or infinite, we can derlve comparable bounds
in the infinite-dimensional setting under our assumptions A3,4,6.

LEMMA 4 (Bias, A3,4, v const.). Assume A8-4 and let o (resp. r) be
the constant in A3 (resp. A4) :
If r<1:

1

Bias (n,%z,g%) < ”EJQHH%%X (W

> ot bias(n, v, 7).
Ifr>1

1
Bias(n,'y,E,gH) 157" gull3- <r> @tbias(n,fy,r).

Px \n2y
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LEMMA 5 (Var, A3,4, v const). Assume A3,6, let a, s be the constants
in A3, and o the constant in A6 (so that E[Z, ® Z,] < 023).

— 2/a 2 V© o? ot 2
Var (n,’y,E, (zl)z) <Cla) s7'% 0o Tt p_— var(n,vy, 0%, 1, a),
n [e%

. a2

LEMMA 6 (Bias, A3,4, (7); ). Assume AS3-4 and let a (resp. r) be the
constant in A3 (resp. A4). Assume we consider a sequence 7y; = Z—g with
0< (<1 then :

1. ifr(1=¢) < 1:
Bias (n, (i) E,QH) = 0 (HzfrgHH%gX nfszo)

. 1
= o(I="omlly, 7w )

x (nyn

2. ifr(1—¢) > 1:
n?

Bias (n, (%-)Z-,E,gH) = 0 ( 1 ) )

LEMMA 7 (Var, A3,4, (7); ). Assume A3,6, let a,s be the constants
in A3, and o the constant in A6 . If we consider a sequence y; = Z—g with
0< (<1 then :

1. ifO<C<% then
- _141=¢ o2(s29,)
Var (n, (7i)i, X, (:Z)Z) -0 (n 1+ ) -0 ((’7) ’
2. and if ¢ > % then

Var (m ()i, 3, (Ei)Z) =0 (n*1+%+2<—1) :

Those Lemmas are proved in section B.5.

Considering decomposition (B.6) and our Lemmas above, we can state a
first Proposition.
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PROPOSITION 23 (Semi-stochastic recursion). Assume A1-6. Let’s con-
sider the semi-stochastic recursion (that is the sequence : 1y, = (1=, X)Np—1+
nEn ) instead of our recursion initially defined. In the finite horizon setting,
thus with v; = v for i < n, we have :

2 vé o? 1
Ele @) = <lap)] < Ct) 5f o Lo+ T 1 aply (S

Theorem 2 must be compared to Proposition 23 : Theorem 2 is just an ex-
tension but with the true stochastic recursion instead of the semi-stochastic
one.

We finish this first part by a very simple Lemma which states that what
we have done above is true for any semi stochastic recursion under few
assumptions. Indeed, to get the complete bound, we will always come back
to semi-stochastic type recursions, either without noise, or with a null initial
condition.

LEMMA 8. Let’s assume:

1. ap = —vE)an_1 +vES, withvX < 1.
2. (E%) € H is F,, measurable for a sequence of increasing o-fields (Fy,).
3. E[EYFnue1] =0, E[|ZX|?|Fn-1] is finite and E[22 ® =] < 023.

Then :
(B.7) E [(@n—1, X@,—1)] = Bias (n,’y, 3, a()) + Var (n,fy, 3, (Ef‘)z)
And we may apply Lemmas 4 and 5 if we have good assumptions on X, ay.

B.3. Complete proof, Theorem 2 (finite horizon) . In the following, we
will focus on the finite horizon setting, i.e., we assume the step size is
constant, but may depend on the total number of observations n : for all
1 <i<n, v =rv=TI(n). The main idea of the proof is to be able to :

1. separate the different sources of error (noise & initial conditions),

2. then bound the difference between the stochastic recursions and their
semi-stochastic versions, a case in which we are able to compute bias
and variance as it is done above.

Our main tool will be the Minkowski’s inequality, which is the triangular
inequality for E (|| | L§X>- This will allow us to separate the error due to

the noise from the error due to the initial conditions. The sketch of the
decomposition is given in Table 4.
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Complete recursion 1,

e N\
variance term n7°%*¢ | bias term &
1 \ )
multiple recursion | semi stochastic variant
e N\ | e N\
main terms 7, r > 1 residual term 7o — Son | main term 79 residual term 7" — 72
satisfying semi-sto recursions  satisf. stochastic recursion | satisf. semi-sto recursion  satisf. stochastic recursion
J} Lemma 8 J Lemma 9 | 1 J Lemma 9
< C Variance term —r oo 0 | < Bias term residual negligible term
Lemma 5 N\ " Lemma 4
Theorem 2
TABLE 4

Error decomposition in the finite horizon setting.

We remind that (1), is defined by :
Mo = g3, and the recusion 0, = (I — 7K, ® Ky, )n—1 + VEn.

B.3.1. A Lemma on stochastic recursions. Before studying the main de-
composition in Section B.3.2 we must give a classical Lemma on stochastic
recursions which will be useful below :

LEMMA 9. Assume (x,,Z,) € H X H are F,, measurable for a sequence
of increasing o-fields (Fy,). Assume that E[Z,|Fn_1] = 0, E [||Z,]|?|Fn-1] is
finite and E [| Ky, ||? Kz, @ Ka, | Fn-1] < R*S, with E Ky, ® Ky, | Fa-1] =
Y for alln =1, for some R > 0 and invertible operator 3. Consider the
recursion oy, = (I — YK,, ® Ky, )an_1 + Y=, with yR2 < 1. Then :

nl

1 1 v <
1 —yR*)E [{@p1, S —Ellan|? < = laol®+ 2 E|IZ?
(1= 3R E (o1, 50)] + g Elnl? < gllool® + 2 3 E
Especially, if ag = 0, we have
_ _ v _
£ [<an—la2an—1>] < ( ’YR2 Z[EH H2

Its proof may be found in [13] : it is a direct consequence of the classical
recursion to upper bound ||ay, ||?.

B.3.2. Main decomposition.
We consider :




56

1. (nimit),, defined by :

init

" = gy and 0" = (I — 7Ky, © Ky, ),
ni"it is the part of (1), which is due to the initial conditions ( it is
equivalent to assuming =, = 0).
2. Respectively, let (nﬁmse)n be defined by :

T = 0 and o = (1=K, © Koy, W5+ 7E0.
nneise is the part of (1,), which is due to the noise.

noise

not5€ and

A straightforward induction shows that for any n, n, = 7" +

1/2

Nn = N 4ipneise Thus Minkowski’s inequality, applied to ([E [H )12, ]) ,
X

leads to :

(E[I7nl2;, )" < (€ [z, )™ + (e [iaie, )"
(B.8)

(E [T, 272)]) "2 < ([E [( T En”‘”sﬂbm + ([E [( jpinit 2%“>D

That means we can always consider separately the effect of the noise and
the effect of the initial conditions. We'll first study 77°%*¢ and then 5.

1/2

B.3.3. Noise process. We remind that (n7°%*¢),, is defined by :
(B'g) ,’76101'56 — 0 and nno@se _ (I nyxn ® Kxn) nO’LSe _"_ ’y‘_,n

We are going to define some other sequences, which are defined by the
following “semi-stochastic” recursion, in which K, ® K, has been replaced
be its expectancy % : first we define (nﬁ‘”se’o)n so that

ngoz‘se ,0 — 0 and nnmse ,0 (I ,_Yz)nzozlse ,0 + ’YEn-

A 1/2
Triangular inequality will allow us to upper bound ([E {|nﬁm$€ H2L2 } > :
Px

(B.10)
px:|) ( [”—nozse nozseOHQ X]>1/2

(E I, )" < (E [izeies

So that we're interested in the sequence (no¢ — ynise0) : we have
nnmse ,,7610156 0 _ 0,
M = = (1= 7K, @ Ko ) (77 = 0y1) + (8 = Koy @ Ko )0

(B.11) = (I —7Ka, ® K, ) (%5 — mn_1) + 75,
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which is the same type of Equation as (B.9). We have denoted =} = (% —
Ky, @ Ky, )1

Thus we may consider the following sequence, satisfying the “semi-stochastic”
version of recursion (B.11), changing K, ® K, into its expectation ¥ : we
define (np°*¢1) = so that:

(B.12) ngowe’l = 0 and poel = (I — 72)172‘"186 1y =l

Thanks to the triangular inequality, we're interested in (npei%¢ — ppeise.0 — ynoise, l)n,
which satisfies the (B.9)-type recursion :

noise noise,0 noise,l
Mo — Mo — o 0,

noise noise,0 noise,1  __ nozse noise,0 noise,1
My = 1”7 — g = (I =Kz, ® Ko, ) (27 = mp 21 — 1 7%7)

_}_7(2 o Ka:n ®Kx ) noise,l

Mh—1

_ (I VK, @ Ka: )( nozse n;rlwzlse() n;bozse 1) + ,y~(2)

With 22 = (% — K,, ® K, )proset,
And so on... For any 7 > 0 we define a sequence (n9%*¢"),, by :

nozse s

7,’0 O and 7,’77,02567“ — (I ’YZ> TLOZS@T _"_ ,.YET‘

ns

with 21 = (2 — K, @ K, )5 .

Mh—1

We have, for any r,n € N? :

nozse § nTLOZS(i ’L

no%se Znnozsel — (I _ ’YKxn ® K:Cn) (nzmse _ T nZozise l>

0,

=0
(2 = K, @ Ky, )nlose.
T
(B.13) = (I 7K, ® Ky,,) (77;“’_’“ — nﬁmfez> +AE(HY.
=0

So that (nreiser+1) follows the “semi-stochastic” version of (B.13)...

Minkowski’s inequality. Considering this decomposition, we have, for any

r, using triangular inequality :
(B.14)
) 1/2
—noise *’IIOZSG 7
I Z L%X] )

(E [y, ) < 3 (€ [, ])" 2+(

1=0
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Moment Bounds. For any i > 0, we find that we may apply Lemma 8 to
the sequence (n1°%*¢%). Indeed :

1. For any r > 0, (n°¢") is defined by :

ngoise o — 0 and nnozse - (I ,yz)n;wlfe )T + ’YE:L’

with = — 4 B~ Ko, @ Ko )7y ifr > 1.
" Zn ifr=0.

. forany r >0, for all n > 0, Z] is F,, := o ((x, zi)1<i<n) measurable.

(for » = 0 we use the definition of Z,, (H4), and by induction, for any
r > 0 if we have Vn € N, =7 is JF,, measurable, then for any n € N,

—n

by induction on n, n°*" is F,, measurable, thus for any n € N, ”TH
is F,, measurable.)
. for any r,n > 0, E[E,|F,—1] = 0 : as shown above, 7]~ 1 is ]-"n 1

measurable so E[ 2, |Fo_1] = E[S— K., ® Ky, |Fn1] 5o =
E[X - K., ® K, |7 ™" = 0 (as z, is independent, of ]-"n_l by A5
and E[X — K, © Ky, | =E[S - K,, ©K,,] by H4 ).

E [|=r|?] is finite (once again, by A2 if r = 0 and by a double recursion

to get the result for any r,n > 0).

. We have to find a bound on E[Z] ® ZI']. To do that, we are going,

once again to use induction on r.

LEMMA 10.  For any r > 0 we have

E[E ®Z"] < ~"R¥0*%

—n

E [nzozse T ® ngozse 7“:| < ’}/T+1R2r0'21.

Lemma 10. We make an induction on n.

Initialisation : for r = 0 we have by A6 that E [20 ® %] < ¢2%. Moreover

n—1

Emy@ny) = 2> (I-0)"*E [ 0 25| (1 - y2)"*
k=1

n—1
< 720_2 Z(I . 72)2(71—143)2
k=1

We get

n—1
VYn>0, E [ng ® ng] <2023 (I = 4%)2 727k < 40?1
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Recursion : If we assume that for any n > 0,E [Z] ® ZI'] < 4" R*" 0% and
En: @nh] < 4" "L R?" 621 then for any n > 0 :
E[= ezt < E(S- K, © K)oy @0 (3 - Ky, © Ky,)]
(as Mn—1 € Fn-1)

N

,YT—I-IRQTO_Q[E [(Z . Kxn ® Kxn)2:|
7r+1R2T+2022.

N

Once again we have (g 71) = 42 0= (I — AX)" 1 F=r+1 for any n:

n

Elmtent] s 2E lZ(I —y) T E @ BT - 72)”‘1*]
k=1

< ,}/7‘+3R2r+20_2 z’ﬂ: (I _ ’72)2n_2_2k2
k=1
< ’}/T+2R2r+20'2f.

With the bound on E [Z] ® E7] and as we have said, with Lemma 8:

—n

E 1772 | = E|(7,20)| < var(n,y,0°7'R¥,s,a
n LPX n n
o [
(B.15) < 'R*var(n,v,0%, s, q) ..

Moreover, using the Lemma on stochastic recursions (Lemma 9) for (770%5¢—
S o1, )n (all conditions are satisfied) we have :

r
u—w%QQm z% @W@Z%w]<72mﬂw2
=0
< At ([E [~r+1 ® :ZHD
< ,7r+2R2r+20_2 tr(Z)
2
(B16) that is [‘ —noise Z nnozse K ] < ,7T+2R27‘+20_2 tr(E).
PX
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Conclusion. Thus using (B.14), (B.15) and (B.16) :

([E {< —noise Ennozse)} ) 1/2 < < 1 7"+20_2R27"+2 tr(E)) 1/2

1-— ’yRQ7
" i/2
(B.17) +var(n, v, o2, s,a)1/2 Z (7R2) / .
i=0
And using the fact that YR < 1, when r — oo we get:
noise nozse 1/2 2 1/2 1
(B.18) ([E [(17 , 21 >D < var(n,vy,0%, s, «) ~eR

Which is the main result of this part.

B.3.4. Initial conditions. We are now interested in getting such a bound
for E [(nint $pinit)]. As this part stands for the initial conditions effect we
may keep in mind that we would like to get an upper bound comparable to
what we found for the Bias term in the proof of Proposition 1.

We remind that :

init

" = gy and 1" = (I = v Ko, ® Ko, )i,
and define (79),en so that :
M= g3, M= —E)ly 1.

Minkowski’s again. As above
(B.19)

(¢ [l ma])™ < (< o =t (e - ab)]) (€ o mab)])

First for 7 we have a semi-stochastic recursion, with Z,, = 0 so that we
have

E(7lh, $7n) < bias(n, 7, 7).
Then , for the residual term we use Lemma 9. Using that :

77 ,r,;let (I ,nyn ® Kx )( n;blnlt) + ’7(K$n ® Kzn — 2)7772—17

we may apply Lemma 9 to the recursion above with a,, = 7% — " and
Zp = (Kg, ® Kz, —X)n° ;. That is (as ag = 0):

(B.20) E(7S — nreise, S (0 — ")) < 5 fsz [ZH” Hz]



61

Now
EIZRI? = E [(no, (I = v2)H(E = 2 @ 2)2(1 = v%) 0)]
< (no, (I =) R*Z(I — %) no)
< R*(no, (I —7%)**Snp).
Thus :
Ty R,
~E lz |Ek||2] < (o, Y (I = %))
n n
k=1 k=1
1/2 2
R? "
< i <Z(I . 72)%2%) 21/2—7‘770
n
k=1
TR ol -
< 7| DU = A2)*EE) | 1S ollTe -
n =1 PX
|| AY2][|2 = ||| A]||. Moreover, as ¥ is self adjoint, we have:
n n
S —azpamp|| < s S0 - o
k=1 Oseslp—m
1— (-2
< sup ——(2)”"
02ae1 1 (1 —x)? (@)
1— (x)*" 2
< su 1—a)™
0onny 1— a2 ( )
1— 2n
< sup IO gy

o<z<l 142z
< sup (1—(1—a2)*)(x)> !

0<z<£1

1-2r
< n

Where we have used inequality (B.44).
So that we would get, replacing our result in (B.20) :

_ o _ o 1 'sz
0 _ znoise 0 _ —noise -r 2
(B21) [E<77n M 12(7771 M )> < 1 _ ’)’RQ (,Yn)QT ||Z 770||L/%X :

Conclusion. Summing both bounds we get from (B.19) :
(B.22)

1/2 1 YR? e 1/2
—init s —init =T |12 ;
(E [(nn , 21y, >D < (1_'7]%2(771)27"’2 UOHL/%x) +(Bias(n, v, gu, o))"
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B.3.5. Conclusion. These two parts allow us to show Theorem 2 : using
(B.22) and (B.18) in (B.8), and Lemmas 4 and 5 we have the final result.
Assuming A1-6 :

1. Ifr<1
1 9 1/2
_ v o 1 2 2 0% O
(2Efe(gn) —elgn)) ™ < Nev <C(a) s n)
1 1/2
—-r 2
+ (HE gH”Lgx ((n')/)QT))
1/2
1 ’YRQ —r 2
*(wwmw”z "0”L3X> |
2. If r>1
1 1/2
1 2 a 0'2
_ 1/2 - 2 2 7 o
(2E[e(gn) —elgn)]) ™ < T~ <C(Oé) s ot n)

(e, (S5 )
Lox \ n242r

1/2
1 vR?
— |12 0|3 :
+ (1 — ,YRQ (’yn)” ” 770||L?)X>

Regrouping terms, we get exactly Theorem 2. In order to derive corollar-
ies, one just has to chose v = I'(n) in order to balance the main terms.

B.4. Complete proof, Theorem 3 (on-line setting). The sketch of the
proof is exactly the same. We just have to check that changing a constant
step into a decreasing sequence of step-size does not change to much. How-
ever as most calculations make appear some weird constants, we will only
look for asymptotics. The sketch of the decomposition is given in Table 5.

B.4.1. A Lemma on stochastic recursions - on-line. We want to derive
a Lemma comparable to Lemma 9 in the online setting. That is considering
a sequence (7, ), and the recursion o, = (I — v, Ky, @ Ky, )n—1 + YnZ=n we
would like to have a bound on E(@,_1, Xd,_1).

LEMMA 11.  Assume (xp,Z,) € H X H are F,, measurable for a sequence
of increasing o-fields (F,,). Assume that E[Z,|F,—1] = 0, E [||Z,]2| Fn-1] is
finite and E [| Ky, ||?Kq, @ Ka, | Fn-1] < R*S, with E Ky, ® Ky, | Fa-1] =
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Complete recursion 7,

v N\
noise term n7°%*¢ | bias term 7
i | !
multiple recursion | semi stochastic variant
e N\ \ e N\
main terms 7, r > 1 residual term 77"0”e Z M | main term 172 residual term n””t 772
satisfying semi-sto recursions satisf. stochastic recursion | satisf. semi-sto recursion satisf. stochastic recursion
Lemma 8 Lemma 11 | + Lemma 11
{ v\ \ 1 v\
< C Variance term — oo 0 + oo 0| < Bias term Resid. term 1 + Resid term 2
Lemma 7 N\ v Lemma 6
Theorem 3
TABLE 5

Sketch of the proof, on-line setting.

Y for alln > 1, for some R > 0 and invertible operator 3. Consider the
recursion oy = (I — Ky, @ Ky, )n—1 + YnZn, with () a sequence such
that for any n, v, R* < 1. Then if ag = 0, we have So that if ag =0 :
(B.23)

E [<an71, Z@nflﬂ L

2 = 12
< W (Z [l il ( it ) + ) wElEk | ) .

k=1

PROOF.
(B.24) 27,(1 = W R)E(San—1, an1) <E (Jlan-1]? = fon]® +72]1]?)

So that, if we assume that () is non increasing:

1 2 2 2= 112
(B:25) E(Can1,an-1) < 5oy (llanal* = flan|* + 9311201

Using convexity :

lnsm)] < g (1284 F g (-2 1)
n—1, n— X 2n(1 _ 'YORQ (67} P it
N—— —
=0

ol | < -2
_ . —|—Z'yk[EH:,kH .

" k=1
So that if ag =0 :
(B.26)

E [(@n-1,X0n-1)] <

1 n
Z 2 Z = 112
- . —a-~ ()/L I [E I—l'_‘ .
2n ’YRQ ( e ( %‘+1) tE k”)

k=1
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Note that it may be interesting to consider the weighted average &, =

%::% * which would satisfy be convexity
(B.27) ) ,
~ ~ 1 lool* — llanl® | <~ 2 2
E 04_1,204 1 < - + ’y[EEk .

B.4.2. Noise process. We remind that (n7°%*¢),, is defined by :

O

(B.28) ¢ = 0 and 1,7 = (I — 7Ky, ® Ko, )25 +7En.

As before, for any r > 0 we define a sequence (n7°*¢"),, by :

ngoise T — 0 and nnozse o (I ,yz>n;wli9€ 5T + ,.YE;,

with =0 = (2 — K, ® K, )5 .

Mn—1

And we want to use the following upper bound
(B.29)

(i, ) < £ el )

1=0

—nozse

So that we had to upper bound the noise :

LEMMA 12. For any v > 0 we have E[Z) ®Z'] < R*j0’Y and

—n —n

E [ngoise,r ® ngoise,r] < ,YS-HR%O.QI'

Lemma 12. We make an induction on n.
We note that :

n

E —TLO’LSE 7

> D k+ 1 ())REDE+ 1L (w)e) < Y0 Y, D,k + 1, (3)k)nd

) 1/2
L%X .

k=1 k=1
< 3030 Dl L (w)e) - Dk ()
k=1
< = D(n, 1, (W)k))
(B.30) < ol
Where we have used that : D(n,k+ 1, (vk)x) — D(n, k, (v)x) = D(n, k +

17 (716)]6)'7162'
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Initialisation : for r = 0 we have by A6 that E [20 ® %] < ¢2%. Moreover
M = k=1 D(n, k+1, (Vk)k)’}/kzg

E(my®ny) = > D(nk+1, (v)e)iE [E% ® 52] D(k+1,n, (v)k)
P

< 02 Dnk+1,(v))EDE + L, (v)k)
=1

< o’yl, by (B.30)

Induction : If we assume Vn > 0, [E[ZF @ 7] x 74 R o?Y and E [, @ 7] <
’}’6+1R2T0'2I then: Vn > 0,
(as Mp—1 € Fn—-1)

N

,76‘+1R2T0,2[E [(2 _ Kxn ® Kxn)2:|
76+1R2T+20-2E'

N

Once again we have /™! = S0, D(n, k + 1, (v)r)wE T, for any n:
E |:777”+1 ® 777‘4—1:| < [zn: I ’YZ n 1— k'—*T-f—l ':T+1(I _ ’}/Z)n_l_k]
n o —n

< 02'76+1R2T Z D(TL, k+ 17 (Vk)k)'YI%ED(k + 17 n, (’Wf)k‘)
k=1

< o2 TERTI, by (B.30)

With the bound on E [Z] ® Z'] and as we have said, with Lemma 8:
(B.31)
E [||ﬁ:f°ise’i||%g } =[ {(nn, Znn)} var(n, v, a, Y R* 0, s) = vy R* var(n, v, a, 0, 5).
PX

Moreover, using the Lemma on stochastic recursions (Lemma 11) for
(), = (nreise — 37 ni), (all conditions are satisfied) we have :

1 (= 1
21— R E (@, 2a,)] < - <Z [EHafHQ(—fy ) + ny E| ~T+1”2> .
=1
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We are going to show that both these terms goes to 0 when r goes to
infinity. Indeed :

n n
Z'V [EHJH”Q < Z’Vk tr ([E { =rtl g ~r+1])
k=1 k=1
n
< ST R0 ()
k=1

< n76+2R27‘+20,2 tr(z)

Moreover, if we assume ; = % :
K3

1

- r2_7 - Vi 7112
Z[Erzu( o ) 2% Z |

= (I - %Kwi ® Kfti)a;—l + 'YiEi
So that :
laill < [I( = 7iKa, @ Kol lleg_q [l + 7 [1Zill
< ezl + 7 15l
i
< Z% 1Zk]-
thus : [[of[* < ZwZ% =512
k=1 k=1
Ellof|* < ZWZW E|[ =]
k=1 k=1
Ellaf|> < Oy iy iy R*™ 202 tr(D)
Vi
Bl < Co inf (R
712 1 1 2 2\r+2
*Z[EII o ||7( —— < O3 ny, (R
Vi 'Yz—i—l
That is :
2
(B32) E ‘ —noise Z —noise,i < (70R2)r+2 ((7'2 tI‘(E) —|—C3n’)/721) .
L%X
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With (B.29), (B.31),(B.32), we get :

T

([, ])™ < 3 (or* vantna.0.0.9)

(B.33) ) + (R (0% 4x(S) + C m};))” :
So that, with r — oo :
®31)  (E[lmmIE, ]) " < @0

B.4.3. Initial conditions. Exactly as before, we can separate the effect
of initial conditions and of noise : We are interested in getting such a bound
for E [(ni, $iit)]. We remind that :

init

Ny’ = gu and 77’"” (I —mKs, ® Kwn)n;,nu
and define (n9),en so that :
m = g1, M=~ mI)m,_1-

Minkowski’s again :. As above
(B.35)

(k [t 2airi]) 7% < (& [eainie = a5 (e = a)]) "+ (€ [, ma])

First for 70 we have a semi-stochastic recursion, with Z,, = 0 so that we
have

(B.36) (T, 270 < Bias(n, (Ya)n, g3, 7)-

Then , for the residual term we use Lemma 11 for the recursion above
with a,, = 7Y — 7", Using that :

Q) — it = (I = 4Ky, @ Ky ) (00— 1) + (Ko, © Koy, — S0,

That is (as ag = 0):

. . 1 iy 11
E -0 _ —noise N =0 _ -noise < E 12 <_ >
<77n Mn, ) (nn n )> 2n(1 — 70R2) (;_1 ”az” ‘ + '

Vi Yi+1

(B.37) + Z’Yk[E||EkH2>'

k=1
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Now
EIER? = E [(n0, D(n, 1, (3)i)(Z = @ @ )2 D(1,m, (3):)70)
< R*(mo, D(1,m, (7:)1)* o).
Thus :
n n
E lz 'Yk”EkHQ] < R*(mo, Y wD(1,n, (7:):)*Sno)
k=1 k=1
n 1/2 2
< R (Z YD(1,n, (%‘)z’)zzzr> B2
k=1
n
(B.38) < R0 D, (10)i) s HZ_TUOH%gX-
k=1
Now :
zn:D(l n (,7‘),)2 227’ < T 1 —~; 2 2r
.1, (96)0) Yk < sup Y[ =) e
k=1 0<z<1/70 k=1i=1
k
. 2r
< sup Y exp (—va) Ve
0<z<1/70 =1 i=1
n
< sup Z exp (—kypx) yex®  if (yi)g is decreasing
0<z<1 /70 p—1
n
< o sup Y exp(—kypx)a™
0<z<1 /70 —1
n
_ . 70
< o sup Y exp (—k'Proz) @ f ()i = o
0<z<1 /70 —1 k
2r " 1—-p
< Y sup =z / exp (—u 'yox) du
0<z<1/0 u=0
n—1
/ exp (—ul_p%x) du < n clearly, but also
=0
un—l 1— oo 1— __1 . .
/ . exp <—u p'yoac) du < /toexp (—t p) (xy0) T-rdt changing variables. So that :
u= =
n
1
‘ > D(L,n, ())*uE¥ ||| < 0<Sl<1£’/ z? (”AI(fCVo)_lT”)
k=1 T/
2r 2r— - ; 1
< YCp sup  (nz* Ax 1—/)) and if 2r — T2 <0
—p

0<z<1/70

(B.39) < 7001711727”(17’0).
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And finally, using (B.38), (B.39) :

—r 2 2
1 n %Ch || 770||L2 R
[ § Fll=,.012 < PX " —2r
(B.40) < K(nyn) 2.

To conclude, we have to upper bound :

1
.

Yi Yi+1

By the induction we make to get Lemmma 11, we have :

il < el + 7 11E1?
7
< > lE?
k=1
7
< D wlE?
k=1

< Ci (i) 77
So that (C changes during calculation) :

1 n—1 ) 1 1 1 n—1 oV
—— ) o (——i— ) < C=)) E|lail*=
2n(1 _"YORZ) ; H l” vi Yit1 n Z H 1” i

< ot Z (i;) 2’"77’
< o Z (7)™
n “
=1
Tn
< C
(nyn)?"
So that we would get, replacing our result in (B.37) :

(B.41)

0 ] 0 ) 1 2r Tn 2r 1 2r
E -V _ zhoise E U _ snoise — O O — O .
@ - e st - ey =o () o (2) o)

And finally, with (B.36) and (B.41) in (B.35),
(€ [ zar )" < (€ [emirie — s (mire — a2 ))]) " + (€ [

2 1/2
(B.42) < (0(1) ) + bias(m, (Ja)ns g, 7) /2.

i) v
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B.4.4. Conclusion. We conclude with both (B.34) and (B.42) in (B.8) :
(B.43)

1/2
_ 1/2 1L :
(E 125 ]) <<0var<n,w,a,a,s>>1/2+(o(n%)) bias(n, () o).

Which gives Theorem 3 using Lemmas 6 and 7. Once again, deriving
corollaries is simple.

B.5. Some quantities. In this section, we bound the main quantities
which are involved above.

B.5.1. Lemma 4.

Lemma 4.
fog<r<i1:
1 n—1 n—1
Bias(n, Vs 9H, ’I") = ﬁ< Z(I - 72)k9H7 Z(I - 72)k Eg’H>
k=0 k=0
1 n—1 n—1
= (DI AR gy S (1 - am)t ST gy
k=0 k=0
1 n—1 2
| DICEEOI R
k=0
11t 2 2
< ﬁ Z(I_,Yz)kzr HE—’I‘-FI/QQH
k=0
1 n—1 2 2
= Sy || U —m)yE ‘E‘Tga
n k=0 £3
1 n—1 2 2
< =% su 1—z)ka" HE_T
n2 ! 0@21 (1;::0( ) ) 91 o
1 2
< (e,
2r
(n7) L2,
Using the inequality :
n—1
(B.44) sup (Z(l - x)er> <nl
0<z<£1 k=0
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Indeed :

<nzl(1_m)kmr> — 1 - (1_58)”:67"

k=0
= (1-(1—-2)mz" "

And we have, for any n € N,» € [0;1],2 € [0;1] : (1 — (1 —2)") < (n2)' 7" :

1. if nz <1 then (1 — (1 —2)") < nz < (nx)'~" (the first inequality can

be proved by deriving the difference).

2. if nx > 1then (1—(1—2)") <1< (nz)t".

Ifr > 1,2+ (1—(1—2)") is increasing on [ 0; 1] S0 SUpPg< <1 (Zz;é(l — :1;)’“:1;7“) =
1 : there is no improvement in comparison to r =1 :

2

. 1 _
Bla’s(na’}/7gﬂ7r) < <227‘> HE TgH
e Vi

B.5.2. Lemma 5.

Lemma 5 .
In the following proof, we consider s = 1. It’s easy to get the complete
result replacing in the proof below “ 47 by “ s24”. We have, for j € N, still
assuming v < I, and by a comparison to the integral :

oo (1= (1 - 72)3‘)2 Nl = ot (1-(1- 72)1)2

\ 2
oo J
1+02/ (1—(1—7a>>du
u=1 u

(1 stands for the first term in the sum)

L )
(vj)@ J
- 1+02/ <1—<1—1>>du
u=1 u
00 7 2
+02/ 1(1—(1—;)>du.
u=(yj)«

Note that the first integral may be empty if vj < 1. We also have:

e (1 - (I—'yE)j)2zflc > 02/00 (1 _ (1 - Ja>]>2du.

u=1

N
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N2
Considering that g; : u (1 - (1- u%)J ) is a decreasing function of u we

get :
NS _
vu € [1;(v4)=], (1—e )’ <gj(u) <L
Where we have used the fact that (1 - %)j < e ! for the left hand side
inequality. Thus we have proved :

(1—e N2 (y))w < /m)é (1 - (1 - 7)j>2du < ()=

u=1

For the other part of the sum, we consider h; : u +— (M) which is
an increasing function of u. So :
1
Yu € [(v7); +ool,  (1—e )% < hyu) <47

using the same trick as above. Thus :

> 7 VY > 7\?
/ . (1 - <1 - a> ) du = / L hi(u) (a> du
u=(yj)= u u=(yj)e u

VAN
<
[
S~
S
)
t}/.

Ql—
N
%=
N———

o
QU
N

[e’9) 1 2
< 3272/ . (> du
u=(yj)& \U
1 o0
2 2
Y -
(1= 20)u*= 4
1
-2 2
= jv
(2 — 1)((7j)w)2a-1
1 S
(2a_1)(37)“

And we could get, by a similar calculation :

1—({1—— >(l—e ) —(j7v).
/U(“/j)éﬂ ( UO‘) duz(1=e7) (2a — 1) (77)

Finally, we have shown that :

Q=

N\ 2
CL()e <t (1= (1 =78)) < Calim)= +1.
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Where C; = (1—e™1)2 (14 ﬁ) and Cy = (1+ m) are real constants.

To get the complete variance term we have to calculate : Z” Lir (I — (I —~%)).
We have :

in

Ztr( (I— 72))2 < Zg(@ﬂ )

2 n 2
o 1 1 o
< —26‘2fya/ wedu + —
n u=2 n
< O'QC 1 (6% a+1 T O'2
—Coye n « _
S 2T n
1
aoc?Cy v o?
< J—— -

a+1 nl_é
That is :

1 1 2

(1—-e1H?C(a) 0277(11 < Var(n, v, o, 0%) < C(a) o? DA

(n—1)t= nl=x  n’
. 2 2
with C(a) = 7@“)‘(’2&_1).
O
B.5.3. Lemma 6.
PRrROOF.
2 1 n k 2
\21/2 S 7= < LIS a-wm || s g
h=1i=1 e =21
1 n k
— STIUIT-wD)E

k=11i=1
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Moreover :

n

So

k

Y I —vm)x

k=11i=1

that :

n

k=11i=1

k
(=

EIIII

N

N

N

N

N

N

N

N

N

N

N

n k
sup > [[ (I —~z)a"

Oseslp=14i=1

n k
sup exp | — ) vz | yex"
n

sup Z exp (—kvyix) ypx"  if (k) is decreasing
0<z<£1 b—1

n
sup Z exp (—kvyix) z"

0<z<£1 =1
su exp(—k""Sz)z" if = —
0@21]; p( ) ()i = 12

n
sup x” / exp (—ulfgx) du by comparison to the integral
0<z<1 u=0

n clearly, but also

/ exp (—tlfc) (:c)fﬁdt changing variables. So that :
t=0

1
K sup 2" (n/\m_ﬁ>

0<x<1

1 1
K su ne" Ax' 1<) andifr— —— <0
0@;21( ) 1-¢

Knl-r(1=0

n k

1 (1= 2 e

Y) g, E H(I—%Z)qu.[> < E(Knl r(1 C)) | TQHH%%X
k=1i=1

< K8 Tgulfy 000,
PX

1

Else if r — l—ic > 0, then supg,«<; (nxT A q;”*ﬁ) =1, so that

1
n2

n k

I —m

k=11i=1

n2

nk =" gull7,
E)Q%ZH(I_%Z)Z!JH> = O(HL”X).

k=1i=1

O]
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B.5.4. Lemma 7.

PRrOOF. To get corollary 7, we will just replace in the following calcula-
tions v by s2y We remind that :

(B.45)
1 n J j n J J
Var (n, (Vi) 2, (&‘)z’) =L <Z > H (I = %) | & B> H (I =X 7k§k> :
M \jS k=1 ikt J=1k=1 |i=k+
For shorter notation, in the following proof, we note Var(n) = Var (n, (Vi)i, 2, (51),) .
1 n J J n J J
Var(n) = 2[E<ZZ IT =) | % =D > | [ w2 7k£k>
n =1 k=1 |i=k+1 =1 k=1 |i=k+1

- seE (S o) (5 ]

- e[ o] E ]

+
= — > E(My e, SMppyk&e)  with My, (Z [ [T (-2

=k+1

e

—_

1

N

N
3&')‘)_‘
M=
=0
<)
o
—
=
—
~
.M:
1
E“
~
|
=2
L
1
N———
™
N————
)

N
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Let’s first upper bound:

[]i[ (1—%;>] < exp EJ: (%t%)

i=k+1 i=k+1
J
11 1
= €exXp— Z () if v = —
i o te i
1 I+l 1
< exp—— <du)
t* Ju=k+1 us
] 1-¢ _ 1-¢
< o C1G+D (k+1) '
> 1-¢
Then
noJ n ; 1-¢ _ 1—¢
1 1 1 k+1
Z H <1_%> < Zexp——(‘]+ ) (k+1)
— > ; te 1-¢
j=ki=k+1 j=k
n 1 DI — (k+1)¢
< / exp_i(qu ) (k+1)~°
< (n—k) clearly
(this upper bound is good when ¢ >> n!'~¢), but we also have:
n 1 D¢ — (k4 1)1=¢ n+tl Lul= — (k+1)1¢
/ exp——(u+ ) (k+1) du = / exp——u (k+1) U
u=k to 1-— C u=k+1 t 1- g
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With p=1—-(, K¢ == and

P N ) RV

=10
v = G (= (k)0

1
dv = KCE (uf — (k+ 1)")YP7L pur=ldu

1\ P\ /=1
dv = K<<1(k+ )) du
u
1
dv Ty = du
Ke (1= (mostiee))
1 ( toCvP + (k +1)° )”Pl
dv— = du
K¢ \toCvf + (k+1)p — (k+ 1)?
o, p o 1/p—1
dvl(t Cwv —|—(k:+1)) ~ du
K taCoP
1 (k4 1)P\Vr?
dv— (1 = d
UKC( T acwe ) B

n 1 1)a+8 — (k4 1)a+p o 1 k4 1P\t
/u exp——(u+ ) (k+1) du < /0 FC 1+(t°‘21}z> exp (—v”) dv

exp (—v”) dv

N

tO‘C 1/p=1yl—p

k:+11 P
1/,01

N

1-p
21/"_1(1 1/pt°‘/" ( (k+1) ) exp (—v”) dv.

Kto/p (Il vV 12

< K(t%cwa(kﬂ) ).
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Finally :

Var(n) <

Var(n) <

N

S1

N

N

N

N

N

1 ¢ — 1 _a
DR 2a ((” —k)NK (tl—c vt (k + 1)4))
1 - 2 2 K 1 2 9« 9 2
1—¢ «
EZ’YW thza<(n—k:) /\K(t T-¢ 4 20 ))
1 (= 2 o 1 9 9_a_
5 Do th—a((n—k) AK (£757))
S1
in 22007 _ )2 A 2052
+ 22%0 ZtZa (n—k)" A
Sa
1—
1 XM 5 o (n—k) o 1 g0 0 1 )
Koz 2.0ie P D DR { Gt )
k=1 t=1 1-¢
t—(TL*k) [e%
1 X (n—k)% pac o .
KLYt e S 4
k=1 t=1 1—¢
t:(’l’b—k) o
1 ¢ 1-¢(20¢ 41 1
G5 > Aie’ <<n—k> FE gL )
" ’“2::1 (n— k:)lT(Qa—l)
1 ¢ (20-1) _
G52 o ((n— )y (n—k;)23.f(2a1>>
k=1
1 “ 1 (2a—1)¢+1
2 Qa-1)¢+1
2Go™5 > zac(n = a
k=1
1 n n (2a=1)¢+1 1o
2 @ 1-¢
2GJ ﬁ Z <k - 1 k o

B
Il
—

(2a=1)c+1

_1> :
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If( < % then

and

and

¢ [1 & 1 2 k\ = n\% 1 /n\%¢
S < Hp (—1) (1—) —() 41 ()
< Hn WS (04 )
< Cn_l_i_w
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I & 9o 1 2 4 p2a7.2
k=1 t=1
1< Y1, > _ (n—k)
< 3 Z vio? Z 20 120k 4 Z —=(n k:)2) with ¢, = 7
k=1 t=1 t=t, ko
n t e’}
< iz 252 l{:ZCZZIqL(n—k‘)QZi
= n2 Tk 2o
k=1 t=1 t=t,
1 1 1—2a
L & 2o ,2c(n—k)e o [ (n—Fk)=
< ﬁszyka k% s +(n—k) =
:1 «@ «@
1< _< 1 1. ¢i9a
= ﬁkz_:lwioj (k‘QC & (n—k)o +(n—k)aka® 1))
202 L1 s
_ s = (r — Vi b (2a=1)
= — kzz:l E% (n—k)ok

< Kn(_l"'%).

As we have a Riemann sum which converges.
Finally we get : if 0 < { < % then

Var(n) = O(aQn*H%)
2( .2 .
- 0 <020 (s Wn)l/anpraf)

nl-1/a

where we have re-used the constants s by formaly replacing in the proof ~y
by vs2.
and if ¢ > % then

Var(n) = O (0271*1*%”(*1) .
Which is substantially Lemma 7.
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